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ANOTĀCIJA
Nieru funkcionālā un strukturālā bojājuma marķieru perioperatīvā dinamika bērniem
ar iedzimtām sirdskaitēm pēc to korekcijas mākslīgā asinsritē
Ievads. Akūts nieru bojājums (ANB) ir nopietna pēcoperācijas perioda komplikācija,
kas konsekventi saistīta ar pieaugošu morbiditāti un mortalitāti. Tas ir visvairāk pētīts
kardioķirurģijā, kur pierādīts, ka līdz 11,5–86% pacientu, kam veic operācijas MA, attīstās
ANB, 2–18,9% no tiem nepieciešama nieru aizstājējterapija (NAT). Atkarībā no kritērijiem, ko
izmanto, lai definētu ANB, mirstība svārstās no 1% līdz 30%, lai gan tas ir konsekventi
augstāks, tuvojoties 80%, ja ir nepieciešams NAT. ANB var veicināt hronisku nieru slimību un
negatīvus ilgtermiņa veselības rezultātus. Nav skaidri saprotama ar MA saistītā ANB
patogenitāte, un šim sindromam vēl nav izstrādāta efektīva ārstēšana vai profilakse.
Mērķis. Pētīt nieru bojājuma marķieru peroperatīvu dinamiku un identificēt agrīnu un
jutīgu marķieri, kas piemērots lietošanai bērniem, pēc iedzimtas sirdskaites korekcijas MA.
Materiāls un metodes. 2011.–2015. gadā tika veikts prospektīvs nekontrolētais
kohortas pētījums, kurā tika iekļauti 93 bērni ar dažādām iedzimtām sirdskaitēm, kas tika
koriģētas MA. Seruma kreatinīna (SCr) līmeni noteica Jaffé metode (Cobas 6000 analizators,
Roche), seruma Cystatin C (Cys C) tika analizēts, izmantojot daļiņu pastiprinātu
turbidimetrisko imūnanalīzi (PETIA) kvantitatīvai noteikšanai, izmantojot COBAS C 501
analizatoru, urīna NGAL noteica ar ARCHITECT sistēmu (Abbott Diagnostics, Ilinoisa, ASV).
Visi hemodinamikas dati tika iegūti no anestēzijas pārskata tabulām un pārnesti MS Excell
darbagrāmtā turpmākai apstrādei. Pēc tam katram pacientam tika aprēķināta visu apstiprināto
MAP ierakstu vidējā vērtība. Hipotensija tika definēta kā MAP < 15% mazāka nekā vidējā
MAP vērtība. Visi MAP ieraksti tika salīdzināti ar vidējo (izņemot MAP ierakstus MA laikā,
kad nebija asins plūsmas pulsācijas). Hipotensīvo MAP ierakstu (MAP < 15% mazāks nekā
vidējā MAP vērtība) attiecība pret kopējiem MAP ierakstiem tika aprēķināta un izteikta kā %.
Rezultāti. AKI attīstījās 42 pacientiem (45,6%), sasniedzot vismaz KDIGO I smaguma
pakāpes kritērijus (ar SCr pieaugumu vairāk nekā 50% no izejas koncentrācijas). 38 pacienti
saskaņā ar KDIGO klasifikācijas sistēmu sasniedza II, bet 2 pacienti sasniedza ANB III
smaguma pakāpi. Vienam pacientam ar II smaguma pakāpi un diviem pacientiem, kuriem bija
III smaguma pakāpe, bija nepieciešama NAT uzsākšana, izmantojot peritoneālo dialīzi. Divi
pacienti no NAT grupas izdzīvoja, viens nomira. Mediānā intraoperatīvas urīna izvade bija
2,32 mL/kg/h (diapazons no 0,42–5,87 mL/kg/h). Vidējais MA laiks bija 163 min, vidējais
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aortas oklūzijas laiks bija 97,9 min, hipotermija līdz 29,5 °C. ANB diagnoze, izmantojot SCr,
aizkavējās 48 stundas pēc MA. Savukārt maksimālais urīna NGAL līmenis pieauga 400 reizes
no izejas koncentrācijas 12 stundu laikā pēc MA pacientiem, kuriem attīstījās ANB. Mediānais
urīna NGAL līmenis paraugā, kas savākts 12 stundas pēc MA, bija 132,85 ng/ml (IQR 60,78–
257,23). Pacientu grupā ar intaktu nieru funkciju attiecīgais NGAL līmenis bija 22.90 ng/ml
(IQR 12,3–75,65), p < 0,05. ROC līknes analīzē 12 stundu laikā pēc MA AUC bija 0,911, jutība
88%, specifitāte 92%, (TI 95% 0,852–0,971) un robežvērtība 70 ng/ml, p < 0,001. SCys C
maksimālā ekspresiju novēroja 24 stundas pēc MA ar vidējo līmeni 1,31 mg/L (IQR 1,06–1,48)
ANB grupā salīdzinājumā ar 0,77 mg/L (IQR 0,63–1,06) grupā ar intaktu nieru funkciju,
p < 0,05. ROC līknes analīze uzrādīja SCys C AUC 24 stundu laikā pēc MA 0,843 (95% TI
0,843–0,926), p < 0,001). Vidējais pozitīvais šķidruma balanss (ŠB) pirmajā pēcoperācijas
dienā pacientiem ar intaktu nieru funkciju, bija 13,58 ml/kg (IQR 0,00–37,02) salīdzinājumā ar
49,38 ml/kg (IQR 13,20–69,32) pacientiem ar ANB, p < 0,001. Hipotensīvo epizožu
(MAP < 15% no vidējā MAP ierakstiem) īpatsvars ANB grupā bija 19,66, (IQR 12,91–25,80)
salīdzinājumā ar 11,03, (IQR 8,28–14,05) pacientiem ar intaktu nieru funkciju, p = 0,075.
Secinājumi.
1.

AKI ir bieža komplikācija pēc sirdskaites korekcijas MA bērniem. No 93 pētījumā
iekļautajiem pacientiem 42 (45,2%) atbilda vismaz KDIGO I pakāpes ANB kritērijiem.

2.

Nieru tubulāro bojājuma marķierim – urīna NGAL 12 stundu laikā pēc MA ROC līknes
analīzē AUC bija 0,91, jutība 88%, specifiskums 92%, (TI 95% 0,85–0,97) un
robežvērtība 70 ng/ml, p < 0,001. Nieru glomerulārās filtrācijas marķieris – SCys C
uzrādīja labāko veiktspēju 24 stundu laikā pēc MA: AUC 0,84, jutība 81%, specifiskums
72%, (TI 95% 0,84–0,93), p < 0,001.

3.

ŠB ir jutīgs nieru disfunkcijas marķieris. ŠB 1. pēcoperācijas dienā ir statistiski
nozīmīga atšķirība starp pacientiem ar ANB 49,38 ml/kg (IQR 13,20–69,32)
salīdzinājumā ar 13,58 ml/kg pacientiem ar intaktu nieru funkciju (AUC = 0,84;
p = 0,0011), un to var izmantot kā ANB marķieri.

4.

Intraoperācijas hipotensijas un pēcoperācijas ANB saistība netika apstiprināta,
izmantojot šajā pētījumā izmantoto metodoloģiju.

5.

ANB nopietni ietekmēja klīnisko iznākumu: pacientiem ANB grupā bija ilgāks MV
laiks, uzturēšanās laiks intensīvās terapijas nodaļā un slimnīcā.
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SUMMARY

Perioperative dynamics of renal functional and structural damage markers in children,
undergoing open heart surgery

Introduction. Acute kidney injury (AKI) is a serious complication in the perioperative
period and is consistently associated with increased morbidity and case fatality rate. This has
been best researched in the cardiac surgery setting where it has been shown that up to
11.5–86% of patients exposed to cardiopulmonary bypass (CPB) will develop AKI, with
2–18.9% requiring renal replacement therapy (RRT). Depending on the criteria used to define
AKI and the postoperative period studied, mortality ranges from 1% to 30% although this is
consistently higher, approaching 80%, if RRT is required. AKI may contribute to chronic
kidney disease and negative long–term health outcomes. There is not a clear understanding of
the pathogenesis of CPB associated AKI and no effective treatment or prevention has yet been
established for this syndrome.
Aim. The aim of the study was to investigate perioperative dynamics of kidney injury
markers and to identify early and sensitive marker of kidney injury, suitable for application in
children, undergoing open heart surgery for correction of congenital heart lesions.
Material and methods. Prospective uncontrolled cohort study was conducted between
2011 and 2015, 93 children with various congenital heart lesions undergoing CPB were
enrolled. Serum creatinine (SCr) level was determined by Jaffé’s method (Cobas 6000
analyzer, Roche), serum Cystatin C (Cys C) was analized using particle–enhanced turbidimetric
immunoassay (PETIA) for the quantitative determination, using COBAS C 501 analyzer, urine
NGAL was determined by ARCHITECT system (Abbott Diagnostics, Illinois, USA). All
hemodinamical data were extracted from anesthesia charts and transfered to MS Excell
spredsheets for further processing. Then an average of all validated MAP recordings was
calculated for each patient. Hypotension was defined as a MAP < 15% less than average MAP
value. All MAP recordings were compared to average (except MAP recordings during CPB,
when pulsatile blood flow was absent). Ratio of hypotensive MAP recordings (MAP < 15%
less than average MAP value) to total MAP recordings was calculated and expressed as %.
Results. AKI developed in 42 patients (45.6%) by meeting at least KDIGO stage I
criteria (with SCr rise by more than 50% from the baseline). 38 patients comply with the 1st
stage of AKI, 3 with 2nd and 3rd stage by 2 patients according the KDIGO classification and
staging system. One patient having severity stage II and two patients having severity stage III
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of AKI required initiation of RRT, using peritoneal dialysis. Two patients from the RRT group
survived, one died. Median intraoperative urine output was 2.32 mL/kg/h, (Range from
0.42–5.87 mL/kg/h). Median CPB time was 163 min., median aortic cross–clamping time was
97.9 min., cooling during CPB to 29.5°C. The diagnosis of AKI using SCr was delayed by
48 hours after CPB. In contrast, maximum increase in urine NGAL levels was 400–fold within
12 hours after CPB in patients having AKI. Median level of urine NGAL in the sample collected
12 hours after CPB was 132.85 ng/mL (IQR 60.78–257.23). In the group of patients with intact
renal function the corresponding level of NGAL was 22.90 ng/mL (IQR12.3–75.65), p < 0.05.
At 12 hours after CPB, AUC was 0.911, sensitivity of 88%, specificity of 92%, CI 95% 0.852–
0.971 and cut-off value of 70 ng/mL, p < 0.001. SCys C has maximum expression at 24 hours
after CPB with median level of 1.31 mg/L (IQR 1.06–1.48) in AKI group vs. 0.77 mg/L (IQR
0.63–1.06) in non-AKI group, p < 0.05. ROC curve analysis showed AUC of S Cys C at 12
hours after CPB was 0.837 (95% CI 0.724–0.950), p < 0.001). Median fluid balance (FB) on
the first postoperative day in non-AKI patients was 13.58 mL/kg (IQR 0.00–37.02) vs. 49.38
mL/kg (IQR 13.20–69.32) in AKI patients, p < 0.001. Ratio of hypotensive episodes
(MAP < 15% from average MAP recordings) in AKI group was 19.66, (IQR 12.91–25.80)
versus 11.03, (IQR 8.28–14.05) in non-AKI patients, p = 0.075.
Conclusions.
1.

AKI is a frequent complication after open heart surgery in children with congenital heart
lesions. From 93 patients included in the study, 42 (45.2%) met at least KDIGO Stage I
criteria for AKI.

2.

Renal tubular injury marker- urinary NGAL has best predictive performance at 12 hours
after CPB with AUC of 0.91, sensitivity of 88%, specificity of 92%, CI 95% 0.85–0.97
and cut-off value of 70 ng/ml, p < 0.001. Renal glomerular filtration marker − SCys C
showed best performance at 24 hours: AUC of 0.84, sensitivity of 81%, specificity of
72%, CI 95% 0.84–0.93, p < 0.001.

3.

FB is a sensitive marker of kidney dysfunction. Median FB in the 1st postoperative day
has statistically significant difference between AKI patients: 49.38 mL/kg
(13.20–69.32) versus 13.58 mL/kg in patients with intact kidney function (AUC = 0.84;
p = 0.0011) and can be used as a marker of AKI.

4.

The hypothesis of the association of intraoperative hypotension and postoperative AKI
was not confirmed, using methodology, applied in this study.

5.

AKI had severe impact on clinical outcome: Patients in AKI group had longer MV times,
lengths of ICU stay and LOS in the hospital.
5
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Urinary NGAL
Urine output
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INTRODUCTION

Kidneys participate in all vital processes of the body to maintain overall homeostasis.
These organs receive 20% of cardiac output and are central to numerous homeostatic control
mechanisms, including water balance, electrolyte handling, erythropoiesis, vascular tone,
acid-base status, regulation of normal glucose metabolism and assist with detoxification and
excretion of metabolites and drugs. Kidneys also moderate communication with other organs,
such as heart, lung, brain, intestines and liver, and compensate the internal environment when
these organs go into states of dysfunction. Thus, during surgical interventions, when kidneys
are injured, metabolic and hemodynamic control is disrupted. Advances in surgical techniques,
medical devices, and anesthetic procedures have allowed clinicians to perform organ
transplants, insert artificial devices, and conduct complex surgeries that not too long ago would
have been considered high risk to perform. Now, over 200 million surgical procedures are
performed worldwide. However, the number of hospitalizations that include AKI have risen to
epidemic proportions, with an over eightfold increase in last decade [2]. With the central role
of kidneys in precisely maintaining the internal milieu, it follows that surgeries complicated by
kidney injury and dysfunction are associated with greater perioperative mortality, length of
hospital stay and cost.
Pediatric patients comprise an ideal and informative population for the study of AKI
biomarkers as they do not exhibit common adult confounding factors that complicate similar
studies in adults, such as diabetes, hypertension, atherosclerosis, and nephrotoxin use [3].

Aim of the study

The aim of study was to investigate perioperative dynamics of kidney injury markers
and to identify early and sensitive marker of kidney injury, suitable for application in children,
undergoing open heart surgery for correction of congenital heart lesions.

Objectives

1. To establish prevalence and severity of AKI in children after open heart surgery, using
KDIGO criteria.
2. To investigate the accuracy and diagnostic performance of structural and functional kidney
injury markers.
9

3. To investigate postoperative fluid balance and itʼs association with renal dysfunction.
4. To evaluate the role of intraoperative hypotension in the development of postoperative AKI:
• Urinary NGAL;
• Serum Cystatin C.
5. To evaluate early clinical outcomes of AKI in children after open heart surgery.
6. To create an algorithm of diagnosis and management of AKI after pediatric open-heart
surgery, based on postoperative fluid balance.

Hypothesis

1. Body fluid balance can be used as a marker of postoperative renal dysfunction.
2. Systemic arterial pressure is a determinant of renal oxygen supply and intraoperative
hypotension is associated with postoperative AKI.

Importance of the problem

Despite more than half a century of investigation, acute kidney injury (AKI) remains a
major healthcare issue in medicine today. Furthermore, the incidence of AKI is increasing.
Based on a large administrative database study of hospital admissions from 1992 to 2001, Xue
et al. estimated an 11% increase per year in the incidence of AKI [4]. Sanchez-Pinto et al. [5]
have utilized a regional clinical database to investigate the link between AKI progression and
death in over 8000 critically ill children over almost a decade. AKI incidence was almost 10%,
with 10-fold increased mortality in patients with AKI compared with those patients with
intact renal function. As expected, patients with worse AKI had greater mortality. Patients
with persistent AKI throughout the PICU stay had four-fold higher mortality than patients
who had resolved AKI. In fact, patients who had resolved AKI still had almost five-fold
higher mortality than patients who never have had AKI. Today, postoperative renal
dysfunction is becoming the next major target for investigation. Kidneys have long been
thought of as a resilient organ able to endure significant stress and injury during other systemic
illnesses. However, more recently we have learnt of the independent negative influence AKI
has on patient outcomes [6]. In the largest cohort to date, Aydin et al. [7] demonstrated a 51%
incidence of AKI, and when limiting the analysis to neonates, 60% were affected. Importantly,
AKI was found to be independently associated with a prolonged ICU and hospital length of
stay and prolonged duration of mechanical ventilation. Similar findings were reported by Li et
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al. [8] in a prospective mulitcenter study, with a 41% incidence of AKI in children undergoing
CPB, which was associated with the same morbidities. Insults related to the provision of CPB
are largely responsible for kidney injury, where the duration of bypass directly correlates with
the degree of renal injury. Furthermore, despite considerable advances in diagnosis and
management of severe AKI, including renal replacement therapy (RRT), mortality for this
subgroup is 40–83% [9]. These wide ranges can be explained by lack of comparability of case
mix, use of different criteria for diagnosis and classification of AKI and need for RRT [10].

Scientific novelty

• One of the first clinical studies on epidemiology and early outcome of AKI after pediatric
cardiac surgery.
• The first study, evaluating accuracy and predictive ability of renal structural and functional
injury markers and investigating the impact of postoperative fluid balance on the development
of AKI in children after surgical correction of congenital heart lesions in Latvia.
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1. LITERATURE REVIEW

1.1 Acute kidney injury after pediatric cardiopulmonary bypass surgery

Electronic reference libraries (Medline and PubMed) were used and searched for
relevant articles using the MeSH (Medical Subject Heading) search terms relevant to study
subjects. Using the reference lists from each article, other possible studies that might have
reported information on renal dysfunction after pediatric cardiac surgery that had not been
identified by electronic search strategy was identified and obtained using multiple search terms
connected by Boolean operators: AND, OR, and NOT.

1.2 Epidemiology of CSA-AKI
In the past, postoperative renal dysfunction in cardiovascular patients was considered to
be a relatively minor event that recovers with conservative management in most patients.
Nowadays, there is emerging evidence that postoperative renal dysfunction is an independent
predictor for morbidity and in-hospital mortality. CSA-AKI now is recognized as a second most
common cause of AKI. Chertow et al. found that postoperative renal failure, requiring dialysis,
is an independent risk factor for early mortality following cardiac surgery with CPB [11].
In addition, recent studies have shown that even milder forms of postoperative renal dysfunction
are associated with mortality, length of stay in hospital, and increased costs. While some aspects
of pathophysiology of postoperative renal dysfunction are understood, much is still not known.
Risk factors associated with postoperative renal dysfunction can be divided into patient related
factors affecting kidney vulnerability and procedure related factors that contribute to renal
insult. Until now, the incidence of postoperative renal failure and its associated mortality and
morbidity have changed little in the last decade. While different intraoperative strategies have
been developed to provide renal protection in patients undergoing open heart surgery, these
strategies have focused mainly on the use of diuretics. However, no pharmacological
intervention has proven to be renoprotective. Taken together, the data highlight the importance
of understanding the pathophysiology of postoperative renal dysfunction, the identification of
patients at risk, and implementation of effective renoprotective therapies that are based on welldesigned clinical trials.
Despite ongoing efforts to decrease its occurrence, AKI remains a frequent complication
of cardiac surgery. Incidence of AKI varies depending on the adopted definitions, the mode of
12

detection, and the clinical profile of the analyzed patients. The reported incidence of AKI
following pediatric CPB surgery has varied widely in the literature, from 5.3–86%, depending
on the AKI definition used [12–15].

Table 1.1 1.1
Incidence of renal dysfunction, dialysis, and mortality after pediatric cardiac surgery
Author, source
Rigden et al. [12]
Giuffre et al. [13]
Picca et al. [14]
Kist-van Holthe tot
Echten et al. [15]
Skippen et al. [16]
Mishra et al. [17]
Dent et al. [18]
Bennett et al. [19]
Pedersen et al. [20]
Krawczeski et al. [21]
Zappitelli et al. [22]
Chiravuri et al. [23]
Li et al. [8]
Aydin et al. [7]
Blinder et al. [24]
Toth R et al. [25]
Morgan CJ et al. [26]
Hazle MA et al. [27]

Acute kidney injury
Incidence
Mortality
5.3%
8.3%
1,6%
0.82%
2.7%
2.1%

Renal failure (RRT)
Incidence
Mortality
5.3%
8.3%
90.9%
NR
91,4%
NR

Year

n

1982
1992
1995

456
2782
2262

2001

1075

17%

6.5%

2.3%

60%

2005
2005
2007
2008
2007
2010
2009
2011
2011
2012
2012
2012
2013
2013

101
71
120
196
1128
374
390
469
311
458
420
1510
109
49

11%
28%
37%
51%
11.5%
31.8%
36%
34%
42%
51%
52%
31.9%
68%
86%

1%
NR
5.8%
2%
5%
4%
NR
6%
1.6%
7.3%
3%
5.2%
NR
6.1%

1%
NR
4.5%
2%
11.5%
0
NR
18.9%
2%
6.8%
7%
NR
5.5%
4%

NR
NR
50%
75%
20%
0
NR
76%
NR
NR
12%
NR
NR
NR

Abbreviation: NR- Not reported

Approximately 2–12% of the affected children require renal replacement therapy [28, 29].
Importantly, AKI was found to be independently associated with a prolonged ICU and hospital
length of stay and prolonged duration of mechanical ventilation. Although neonates (birth to
28 days old) have been generally excluded from these studies due to observed differences in
AKI presentation attributed to changes in kidney development, recent studies have employed
clinical criteria based on deviation from patient baseline similar to pediatric studies [10].
The incidence of neonatal AKI has been reported at 52–64%, with a dialysis requirement in
19% of patients [30]. AKI evolves rapidly after CPB, with over half of pediatric patients
manifesting findings by 24 hours following CPB and nearly 98% of subjects by 48 hours [8].
In a retrospective study in which 481 (31.9%) of 1510 children undergoing CPB surgery
developed AKI, younger age, lower weight, preoperative cyanosis, and need for preoperative
mechanical ventilation were reported as patient-related risk factors for developing AKI [25].
The association of AKI with younger age was borne out in a separate study in which Li et al.
showed that subjects below two years of age were at the highest risk for developing AKI [8].
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This finding persisted even in multivariable models accounting for numerous other predictors.
Other preoperative factors implicated in postoperative AKI have included use of inotropes,
diuretics and nephrotoxic antibiotics [23]. The influence of preexisting renal dysfunction has
been less clear. Adult studies have shown that lower estimated glomerular filtration rates and a
higher urine albumin-to-creatinine ratio, representing renal dysfunction, have been correlated
with a higher incidence of postoperative injury [31]. The role of preoperative serum creatinine
concentrations on postoperative AKI in children has been mixed. Blinder et al. demonstrated
that preoperative AKI, assessed by AKIN criteria, increased the risk of postoperative AKI from
26% to 37% (p = 0.014) in infants [24]. Other studies, however, have shown no relationship or
an inverse relationship between preoperative serum creatinine and the incidence of
postoperative AKI [31].
The use of CPB has a significant influence on the development on postoperative AKI.
Aydin et al. found that subjects on CPB were at increased odds of developing AKI when
compared to subjects who underwent cardiac surgery off CPB [7]. In subjects who underwent
CPB surgery, intra-operative determinants of postoperative AKI have included increased
surgical complexity (using the Risk Adjusted Congenital Heart Surgery score-1- RACHS-1),
longer CPB time, aortic cross-clamp time, and deep hypothermic arrest time [8]. A linear
association existed between the odds of developing AKI and time on CPB, with a peak adjusted
odds ratio of 7.57 for subjects requiring over 180 minutes of CPB compared to those undergoing
less than 60 minutes. Other variables including weight, preoperative serum creatinine, and
surgical complexity were also associated with developing AKI but dropped out of significance
in multivariable analysis due to high collinearity. In this group, intraoperative hypotension was
found in 87% of those who developed CPB-related AKI, which may reflect the role of impaired
renal perfusion on kidney damage. Nonetheless, cardiac output was not quantified and therefore
could not be evaluated. AKI has been found to have a significant negative impact
postoperatively, with deleterious effects noted for even mild evidence of renal dysfunction [22].
Children with AKI tend to have increased morbidity demonstrated by a longer requirement for
ventilation support, intensive care unit (ICU) admission, and hospital admission [32]. AKI has
also been associated with increased mortality, approaching an incidence of 80% in subjects
requiring renal replacement [14]. Despite the potential influence of developmental differences,
neonates have shown a similar risk factor profile [8].
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1.3 Defining and measuring AKI
Clinical criteria

Glomerular filtration rate (GFR), defined as the volume of plasma completely cleared
of a particular substance by kidneys in a unit of time, is the best overall indicator of renal
function [33]. Normal values, which are related to age, sex, and body size, are approximately
130 mL per minute per 1.73 m2 in young men and 120 mL per minute per 1.73 m2 in young
women. However, for children less than 1 year of age the reported average adjusted value is
lower. In the 1st week of life it is 39 mL/min per 1.73 m2 and for 4–28 days of age it is
47 mL/min per 1.73 m2 [34]. Direct measurement of GFR with inulin or radionuclides is
expensive and complex and thus not suitable for routine use. SCr has been used to determine
GFR for a long time. Even diagnosis and staging of CKD has been made through sCr
measurement. However, the SCr is affected by factors such as age, gender, ethnicity, diet,
muscle mass and medication. Moreover, creatinine will not be higher than the normal range
until 50% of renal function is lost [35]. Furthermore, the older method of 24 h urine sampling
for the measurement of creatinine clearance is not easy to perform and the results are biased
owing to some tubular secretion of creatinine that causes up to 40% overestimation of GFR
compared to inulin clearance [35]. Several methods exist for estimating changes in GFR
(Table 1.2); however, each technique has limitations [36].
Table 1.2
Comparison of methods for determination of GFR
Clearance method
Classic inulin clearance
Radioisotope clearance
Radioisotope plasma disappearance
Creatinine clearance
Nomogram creatinine clearance
Serum creatinine

Testing Complexity
++++
+++
+++
++
+1/2
+

Accuracy
++++
+++1/2
+++
++
+1/2
+

Clinical Utility
+
++
++
+++
+++
++++

Mehta RL, Chertow GM. J Am Soc Nephrol 14:2178–2187, 2003.

That is why better tools for the assessment of GFR are required. The use of the Schwartz
formula, [37] the reference standard for children, has been shown to be prone to over-estimation
[38]; alternatively, isolated measures of SCr concentrations lack sensitivity and accuracy under
various physiologic conditions [39]. ClCr in children vary from 17 mL/min/1.73 m2 in the first
week of life to 157 mL/min/1.73 m2 at 12 months of age [35]. Harrison et al. [40] studied 14
neonates undergoing open heart surgery and find that the median overestimation of ClCr by the
Schwartz formula was 58%.
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Classification and staging of AKI

Historically, a substantial rise in SCr and a drop in urine output has been used to
determine if a child has AKI. Prior to the 2004, over 30 definitions of AKI existed in the
literature which made comparison between studies very difficult. In 2004, the ADKI group
proposed the RIFLE (Risk, Injury, Failure, Loss and End-Stage) classification definition of AKI
[10], (Table 1.3). The first three categories (Risk, Injury and Failure) staged the degree of AKI
based on whether the amplitude of SCr rise (or decrease in estimated glomerular filtration rate,
eGFR) and/or a drop in urine output. The last two categories (Loss and End-stage) defined
temporary or permanent loss of kidney function after AKI. In 2007, a similar definition
(pRIFLE), (Table 1.4) was proposed for pediatric patients and has been used to describe several
cohorts [41, 42]. The first study which defined AKI using the pRIFLE criteria found that AKI
occurred in 82% of critically ill children admitted to ICU who received invasive mechanical
ventilation and at least one vasoactive medication [41].
Table 1.3
RIFLE Classification and staging system
Stage
Risk
Injury

Failure

Serum creatinine criteria
Serum creatinine increase 1.5 − fold OR GFR decrease
> 25% from baseline
Serum creatinine increase 2 − fold OR GFR decrease
> 50% from baseline
Serum creatinine increase 3 − fold OR GFR decrease
> 75% from baseline or serum creatinine ≥354 μmol/L
(4 mg/dl) with an acute increase of at least 44 μmol/L
(0.5 mg/dl)

Urine output criteria
< 0.5 mL/kg/h for 6 hours
< 0.5 mL/kg/h for 12
hours
Anuria for 12 hours

That is opposite to 4.5% incidence of AKI in all patients admitted to the PICU [43].
Worsening AKI defined by the pRIFLE criteria was an independent risk factor for mortality
and increased hospital length of stay.
Table 1.4
pRIFLE Classification and staging system
Stage
Risk
Injury

Serum creatinine criteria
eClCr decrease by 25%
eClCr decrease by 50%

Failure

eClCr decrease by 75% OR eClCr < 35 mL/min. per
1.73 m2

Urine output criteria
< 0.5 mL/kg/h for 8 hours
< 0.5 mL/kg/h for 16
hours
< 0.3 mL/kg/h for 24
hours OR anuric for 12
hours

Abbreviations: eClCr -estimated creatinine clearance
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The RIFLE definition was updated in 2007 by the Acute Kidney Injury Network [44],
by many of the same experts who proposed RIFLE. The AKIN definition is similar to the first
3 stages of the RIFLE classification with a couple of changes. (Table 1.5).
Recently, the Kidney Disease Improving Global Outcomes (KDIGO) [www.kdigo.org]
has brought together international experts from many different specialties to produce a
definition and staging system which will harmonize these recent definitions (Table 1.6). This
classification and staging system now are validated also in the pediatric population [45].

Table 1.5
AKIN Classification and staging system
Stage

Serum creatinine criteria
Serum creatinine increase ≥23.5 μmol/L (≥0.3 mg/dl)
OR increse to 1.5 to 2 − fold from baseline
Serum creatinine increase 2–3 – fold from baseline
3Serum creatinine increase > 3 – fold from baseline or
serum creatinine ≥354 μmol/L (4 mg/dl) with an acute
increase of at least 44 μmol/L (0.5 mg/dl) OR need for
RRT

1
2

Urine output criteria
< 0.5 mL/kg/h for 6 hours
< 0.5 mL/kg/h for 12 hours
< 0.3 mL/kg/h for 24
hours OR anuria for 12 hours or
need for RRT

Abbreviations: AKI, acute kidney injury; AKIN, AKI Network; GFR, glomerular filtration rate; RIFLE, Risk,
Injury Failure, RRT, renal replacement therapy.

Table 1.6
KDIGO Classification and staging system
Stage
1.
2.
3.

Serum creatinine criteria
1.5–1.9 times baseline OR ≥0.3 mg/dl
(≥26.5 μmol/L) increase
2–2.9 times baseline
3 times baseline OR increase in serum creatinine
≥354 μmol/L (4 mg/dl) with an acute increase of at
least 44 μmol/L (0.5 mg/dl) OR Initiation of renal
replacement therapy OR, in patients < 18 years,
decrease in eGFR to < 35mL/min per 1.73 m2

Urine output criteria
< 0.5 mL/kg/h for 6–12 hours
< 0.5 mL/kg/h for ≥12 hours
< 0.3 mL/kg/h for ≥24 hours OR
anuria for ≥12 hours

Abbreviations: eClCr–estimated creatinine clearance

1.4 Pathophysiology of ischemia-induced AKI

There is no clear understanding of pathogenesis of CSA-AKI nor has any proven
effective prophylaxis or treatment been established. Etiologies thought to be involved include
ischemia and reperfusion, inflammation, hemodynamic factors (such as nonpulsatile flow), and
exogenous and endogenous toxins. Plasma free hemoglobin as a result of hemolysis in
transfused stored blood has been shown to mediate endothelial injury and impaired vascular
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function. The cell-free hemoglobin undergoes oxidation, promoting further cellular injury. The
degree of hemolysis may be exacerbated using older stored RBCs, whose cell surface structures
are more readily disrupted with age [46]. Kidney is extremely vulnerable to ischemia and
hypoxemia, predominantly at level of proximal and distal tubules. Despite receiving
approximately 20% of systemic cardiac output, majority of the blood flow is diverted to the
renal cortex at the expense of relative hypoxia of the outer renal medulla. This state of oxygen
depletion results from a combination of increased oxygen demand in support of kidney’s
concentrating function and a relative limit to blood supply [47]. Ischemic injury to kidney
occurs when this fine balance of supply and demand is disturbed, and results in acute tubular
necrosis. Manifestations of ischemic AKI include cellular necrosis and apoptosis that present
as tubular dysfunction, decreased effective glomerular filtration rate, and vascular congestion
[50]. Following a discrete insult, ischemic AKI progresses through four discrete stages:
initiation, extension, maintenance and recovery [49]. Ischemic AKI is the aggregate of complex
pathways that lead to cell necrosis and apoptosis (Figure 1.1.). During the initiation phase of
AKI, inadequate oxygen delivery leads to rapid depletion of cellular ATP stores, reaching levels
of 10–30% within 10 minutes of onset [50]. In response, ATP dependent sodium-potassium
channels redistribute from the baso-lateral to apical membrane and become dysfunctional;
consequently, edema ensues as sodium accumulates in the cell and fluid flows across disrupted
gap junctions. The degradation of ATP during periods of hypoxia also triggers enzymatic
modifications that generate oxygen free radical species upon re-exposure to oxygen during
reperfusion [50]. Free radical induced lipid peroxidation and membrane protein oxidation leads
to enzyme dysfunction and damage to DNA structure, both strong triggers for cellular necrosis.
Free radicals are also released from the migrating neutrophils that accumulate in response to
the evolving injury, but the burden of this relative contribution remains unclear. Finally, cell
damage is potentiated by the accumulation of intracellular calcium; a high calcium level induces
proteases and phospholipases that break down protein, disrupt cellular membranes and interfere
with the structure of the cytoskeleton.
Injury induced by ischemia can result in damage to both the tubular as well as the
microvascular compartment. Resolution of vasoconstriction appears effective at reducing injury
when administered prophylactically, but not following established injury. Resistance may be
due to exacerbated inflammation, which may impart reductions in RBF and GFR insensitive to
vasodilator therapies. Of central importance in this process is the activation of inflammatory
processes which are influenced by factors released by damaged proximal tubules as well as
adhesion of damaged microvascular cells. Infiltrating leukocytes may impinge on RBF either
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by secreting vasoactive factors, or by contributing to the disruption of flow by physical
interference.

Fig. 1.1 Pathogenesis of ischemic AKI
Modified from: Basile DP. Anderson MN, Sutton TA, Compr. Physiology 2012, 2; 1303–1353

In addition, exacerbated hypoxia leading to tubular obstruction may contribute to
reductions in GFR independent of vasodilator therapy.
Early macroscopic changes of acute tubular necrosis include flattening of cells, blabbing
of the apical membrane surface and loss of the brush border [51]. Tubular cells swell and detach
from the basement membrane, leading to denuded membranes and gaps through which fluid
can leak and exacerbate tissue swelling. The cellular debris that accumulates in tubular lumen
coalesces to form casts and obstruct urine flow. The increased pressure is transmitted back to
the glomerulus, impeding filtration. Ischemic AKI then transitions into the extension phase
during which renal endovascular cells are injured. This phase is marked by local and systemic
release of proinflammatory cytokines, mediated in large part by proinflammatory cytokines
IL-6 and TNF-α, and results in inflammation of the cortico-medulary junction [49]. Tissue
edema results in capillary congestion, which further exacerbates ischemia, an area susceptible
to hypoxic injury. This may account for a 40–50% reduction to renal blood flow even after
reperfusion has been established. A further reduction in GFR may be seen. During the latter
two stages, the maintenance phase and recovery phase, tubular cells proliferate or undergo
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apoptosis as tissue repair is initiated [49]. Induction of ischemia results in a well-established
pattern of pathology that makes it an ideal experimental model for AKI [52]. In fact, numerous
animal models of AKI have been developed based on renal artery obstruction model, including
that identified NGAL as a potential biomarker of AKI [53]. Endothelial cell injury and
dysfunction are primarily responsible for this phenomenon, known as the extension phase of
AKI [54]. Damage to epithelial cells occurs early during ischemia and involves alterations to
the cytoskeleton and in surface membrane polarity. ATP depletion induces rapid
disorganization of the actin cytoskeleton structure, which disrupts tight junctions and in turn
leads to backleak of tubular filtrate (Fig. 1.2).

1.5 Cellular changes during ischemic AKI

Following a reduction in effective kidney perfusion, epithelial cells are unable to
maintain adequate intracellular ATP for essential processes. This depletion of ATP leads to cell
injury and, if severe enough, cell death by necrosis or apoptosis. All segments of the nephron
can be affected during an ischemic insult, but the most commonly injured epithelial cell is the
proximal tubular cell-cell contacts and cell adhesion molecules results in flattened nonpolarized
epithelial cells, denuded basement membranes, and expression of mesenchymal markers.
Na+/K+-ATPase pumps normally located at the basolateral membrane and tethered by the
actin- spectrin cytoskeleton, redistribute to the apical membrane of the proximal tubular cell
and are internalized into the cytosol during ischemic injury. Morphologically, proximal tubular
cells lose their brush borders, undergo swelling, and blebbing of microvilli during injury,
leading to cast formation. Severely injured proximal tubular cells undergo mesenchymal
differentiation and subsequent re-epithelization. Recovery of proximal tubular cells begins with
integrin reattachment, reassembly of the actin cytoskeleton, repolarization of the surface
membranes, and redistribution of the sodium pumps back to their basolateral location (Fig. 1.2).
Understanding that ischemic injury can be localized to specific microvascular domains
rather than throughout the kidney is important, as quantifying total renal blood flow as a
measure of effective blood flow could be misleading. The other major epithelial cells of the
nephron involved in the pathophysiology of ischemic AKI are those of the medullary thick
ascending limb located distally. Apoptotic changes have been detected in human AKI, as shown
in distal nephron segments during nephrotoxic acute tubular necrosis.
Apoptosis of distal tubular cells also occurs in donor biopsies before engraftment, which
was predictive in one study of delayed graft function. [55]. In an ex vivo model of hypoxic
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Fig. 1.2 Effects of sub-lethal injury to tubular cells and their recovery.
Sharfuddin AA, Molitoris BA. Nat. Rev. Nephrol. (2011) 7, 189–200

AKI, administration of FG-4497 (a specific prolyl-hydroxylase inhibitor) that activates
hypoxia-inducible factor in the isolated perfused kidney led to decreased selective outer
medullary distal tubular injury [56].

Proximal tubular cell injury and dysfunction during ischemia or sepsis leads to afferent
arteriolar vasoconstriction mediated by tubulo glomerular feedback, luminal obstruction, and
backleak of filtrate across injured proximal tubular cells, resulting in ineffective glomerular
filtration and a profound drop in GFR (Fig. 1.1) [57].

1.6 Anesthesia and AKI

Anesthesia can influence the risk of AKI in several ways. Hemodynamic management
(keeping MAP > 55 mm Hg) and maintenance of euvolaemia are both related to the occurrence
of perioperative AKI [58, 59]. Historically, some halogenated anesthetics are considered
nephrotoxic, such as methoxyflurane, which is no longer in routine use [60]. Use of sevoflurane
is associated with increased plasma fluoride concentrations and with production of a haloalkene
called “compound A”; however, it has been evaluated extensively and is considered safe to use
[61]. Regarding the choice of anesthetic technique, most reports concern the beneficial effects
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of inhaled anesthetics and propofol to attenuate AKI in experimental studies; however, such an
effect has not been shown in humans [62, 63, 64]. Recently, a study conducted on 112 patients
undergoing valvular heart surgery and randomized to anesthesia by either propofol or
sevoflurane showed anesthesia with propofol to be associated with reduced incidence and
severity of AKI [65]. A study on healthy volunteers found that the sympathetic block caused
by epidural anesthesia did not change renal blood flow significantly [66]. A meta-analysis found
the incidence of AKI to be lower for neuraxial anesthesia when compared with general
anesthesia [67]. Another meta-analysis evaluated epidural anesthesia combined with general
anesthesia in cardiac surgery and found a reduction in AKI in the combined group [68]. A recent
population-based historical cohort study found combined general and neuraxial anesthesia to
have a similar incidence of AKI when compared with general anesthesia alone [69].

1.7 The effect of cardiopulmonary bypass

The direct contact between blood components and the innate material during the
initiation of CPB triggers numerous biochemical pathways that lead to a well-recognized
systemic inflammatory response syndrome (SIRS). These complex humoral and cellular
cascades activate coagulation, complement and fibrinolytic systems that have been shown to
contribute to systemic organ injury and dysfunction, including AKI. The earliest manifestation
of the contact reaction is the stimulation of the coagulation and fibrinolytic pathways. Blood
contact with the CPB circuit promotes conversion of circulating Factor XII into its active form,
XIIa. This, in turn, induces the production of kallikrein from prekallikrein, which propagates
inflammation by recruiting neutrophils and promoting fibrinolysis. A positive feedback loop
between kallikrein and factor XII exists, which allows Kallikrein to amplify the inflammatory
response by further increasing concentrations of its active metabolite. Factor XII actions include
cleaving high-molecular-weight kininogen (HMWK) into bradykinin, a well-recognized
vasodilator implicated in increasing vascular permeability and edema. It can also activate factor
XI to initiate the intrinsic limb of the coagulation system that culminates in the production of
thrombin, another key inflammatory mediator. Exposure to CPB also induces the complement
system, predominantly through an alternative pathway, to produce the anaphylatoxins C3a and
C5a. Complement is also activated by kallikrein, plasmin, endotoxin and the classical pathway.
This arm of the inflammatory response has been implicated in histamine release, increased
vascular permeability, neutrophil and monocyte activation, and cytokine release. Cytokines
form a third pathway of the humoral inflammatory response. The mediators are released by
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primed leukocytes and endothelial cells following exposure to complement, endotoxin and
ischemia-reperfusion and can exert a pro- or antiinflammatory effect. CPB results in a rapid
release of a complex array of cytokines including tumor necrosis factor alpha (TNFα),
interleukin (IL)-1, IL-6, IL-8, and IL-10. IL-6 levels, which mediate its effects through release
of acute phase proteins, have been shown to be strongly correlated with the severity of the
inflammatory response and poor outcomes, particularly in children. Induction of the humoral
systems discussed above ultimately results in the activation and chemotaxis of neutrophils,
which play a dominant role in tissue inflammation and injury. The first step for migration of
neutrophils into affected tissue is the binding onto the endothelial surface. Activated neutrophils
and endothelial cells upregulate expression of several adhesion molecules including selectins,
integrins, and the immunoglobulin super-gene family whose cross-linking allows neutrophils
to strongly bond to the endothelial surface. Neutrophils then undergo conformational changes
that allow for transmigration into the subendothelial space. Once in the tissue, neutrophils
release cytotoxic granules that contain proteases, oxygen radicals and arachidonic acid
derivatives that mediate the inflammatory response. The magnitude of the inflammatory
response following CPB has been associated with an increased risk of AKI. Liu et al. reported
that children who developed AKI following cardiac surgery had a higher plasma IL-6 and IL-8
concentration at two and twelve hours following initiation of CPB [70]. These cytokines were
also associated with the need for prolonged ventilation. Similarly, Miklaszewska and colleagues
corroborated the association between plasma IL-6 levels and injury [71]. Endothelial
disruptions leading to neutrophil migration and release of cytotoxic agents have also been
implicated in the development of AKI, particularly in models of ischemia [72]. In an animal
model, Linas et al. reported that primed and activated neutrophils tended to accumulate in
injured kidneys [73]. Nevertheless, severity of AKI could be reduced by depleting the blood of
circulating leukocytes and by inhibiting neutrophil chemotaxis [74].
The development of novel interventions to reduce AKI after CPB requires knowledge
of both its clinical risk factors and its pathophysiology. Cytokine release is a prominent feature
of the inﬂammatory response to CPB [75]. This increased level of circulating inﬂammatory
mediators, which could potentially elicit both systemic and renal endothelial dysfunction, might
set the stage for initiation of AKI and ampliﬁcation of injury induced by alterations in
vasoreactivity and renal perfusion. Further evaluation of the role of inﬂammation and
interventions with the potential to modulate the inﬂammatory response in this setting is needed.
CPB also fundamentally alters systemic perfusion by providing nonpulsatile blood flow,
induces myocardial and pulmonary ischemia, and elicits a significant neurohormonal and
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inflammatory response. Despite these severe physiologic derangements, the specific effects of
CPB on individual and collective organ function remain unclear. Lannemyr et al. [76] measured
arterial oxygen content, mixed venous oxygen content, cardiac output, renal vein oxygen
content, renal blood flow, glomerular filtration, sodium reabsorption, and a urinary marker of
tubular injury before, during, and after CPB. They demonstrated that renal oxygen delivery is
reduced during CPB and that renal oxygen consumption is increased after CPB. While they do
not provide proof, these findings strongly suggest that CPB induces renal hypoxia that itself
leads to kidney injury. During CPB, renal oxygen delivery declined (primarily a result of
hemodilution), but renal blood flow, glomerular filtration, and sodium reabsorption were
maintained. Systemic oxygen delivery, on the other hand, did not decline during CPB, a result
of increasing arterial flow to 2.5 L/min./m2 on the CPB machine. The discrepancy between
renal and systemic oxygen delivery during CPB could be interpreted as redistribution of blood
flow away from kidneys but more likely reflects appropriate maintenance of renal function
(preserved tubuloglomerular feedback); since arteriolar resistance, renal blood flow, and
glomerular filtration rate are a function of sodium chloride delivery to the macula densa, not
hypoxia. Nonetheless, kidneys may have been hypoxic during CPB since the rate of oxygen
consumption persisted, but oxygen delivery declined. Study of Lannemyr et al. confirms that
renal hypoxia during and after CPB is associated with kidney injury, but it remains unclear
whether treatments to improve renal oxygenation will be effective or they will reduce kidney
injury.

1.8 Biomarkers

Over the past decade, there has been an explosion of interest in the study of urinary and
plasma biomarkers for the rapid diagnosis, molecular phenotyping and prognostication of AKI
with over 3300 publications devoted to this topic listed in PubMed. More than 15 separate
biomarkers, plasma and urine, have been identified and investigated to various levels, majority
in the context of AKI complicating critical illness. The term “biomarker” (acronym for
biological marker) was first described in 1980 which means measurable indicator for a specific
biologic condition and for specific disease process [77]. In 2001, biomarker definition was
standardized to be a characteristic that can be measured and evaluated as a normal biological
process, pathological process, or pharmacological response to therapeutic intervention.
Moreover, the Food Drug and Administration (FDA) uses the biomarker term to describe any
diagnostic indicator that can be measured and used to assess any risk or disease. Biomarkers
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can be divided in three categories based on their characteristics and underlying physiologic
actions and include markers of glomerular filtration rate (GFR), markers of tubular injury,
markers of cell cycle arrest, and markers of inflammation. An ideal AKI biomarker should be
accurate, reliable, easy to measure with a standard assay, non-invasive, reproducible and
sensitive and specific with defined cut-off values.
Urine as a biomarker

Urine represents an ideal body fluid for AKI biomarker assessment as it can be obtained
noninvasively and repeatedly from a spontaneously voided sample or from an indwelling
bladder catheter. Compared to creatinine, it is more sensitive to changes in renal
hemodynamics. Unfortunately, variations in urine output are considerably less specific, except
when severely diminished or absent. Oliguria is defined as urine output of less than 0.5
mg/kg/hour. The presence of an oliguric state gives physicians a sign that their patient’s kidney
function is at risk or already perturbed; however, the presence of normal urine output cannot
provide assurance that renal function is unperturbed. It can be used as a qualitative (urine or its
sediment analysis) or quantitative (UO) marker. As a diagnostic criterion of AKI UO is included
in all classification and staging systems of AKI (RIFLE. AKIN, KDIGO). UO is a function of
glomerular filtration and tubular secretion and reabsorption. Glomerular filtration is directly
dependent on renal perfusion, which is a function of three determinants: a) circulating blood
volume, b) cardiac output and c) renal perfusion pressure which depends on arterial pressure
and renal vascular resistances. The intra-renal vasculature can preserve GFR in the face of
varying systemic pressure through important neurohumoral autoregulating mechanisms that
affect the afferent and efferent arterioles modulating the renal perfusion pressure. The reninangiotensin-aldosterone system is perhaps the most significant one. The importance of urine
output in the detection of AKI has recently been preliminarily verified, providing support for
continuously monitoring urine output [78]. A recent study assessed the use of an electronic
urine output monitoring device in 20 critically ill patients [79]. Urine volume was measured
using a drip detector, based on infrared detection. In this study, hourly urine output was measured with both traditional urinometer and continuous urine output monitoring device; both
validated by cylinder measurements. Positive predictive value for AKI of a urine output of 40
mL/h was 91% with the continuous urine output monitoring device, and 77% with the
urinometer. Additional studies are needed to further validate the performance of this system
and to prospectively evaluate whether urine output combined with serial creatinine measurements provide reliable, robust predictive tools in the setting of AKI.
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Traditional and new urine biomarkers

Urine microscopy is inexpensive and readily available and maintains good
performance in differential diagnosis and predicting clinical outcomes, but it requires training
and experience. In addition, it is time consuming – it requires obtaining a fresh urine specimen,
centrifuging the urine and preparing the slide, and viewing numerous fields under the
microscope. Thus, it appears that the field is ripe for a replacement test, such as the novel urine
biomarkers. However, before traditional markers are deemed obsolete, a comparison of their
performance with that of new biomarkers is required to provide a definitive answer. Koyner
and colleagues noted the lack of utility of FeNa and FeUrea in early detection and clinical
prognosis of AKI in patients undergoing cardiac surgery compared with several novel
biomarkers [82]. The first study to compare traditional urinary biomarkers (including urine
microscopy) with novel biomarkers was undertaken in 83 intensive care unit patients with AKI
by Bagshaw and colleagues [81]. Their prospective, two-center cohort study examined the
utility of a urine microscopy score (UMS), urine chemistries, and plasma/urine neutrophil
gelatinase associated lipocalin (NGAL) in predicting worsening kidney function, dialysis need,
and death in septic and nonseptic patients with AKI. The UMS was higher in septic patients
with AKI, correlated with urine NGAL (r = 0.41; p = 0.012), and predicted worsening AKI
(UMS, 0 versus ≥3; adjusted odds ratio, 8.0) by increased RIFLE criteria. UMS was associated
with greater likelihood of dialysis requirement and crude hospital death. A UMS ≥3 had the
following characteristics for detecting “worsening AKI”: sensitivity; 0.67; specificity; 0.95;
positive predictive value, 0.80; and negative predictive value, 0.91. Urine chemistries (urine
sodium, FeNa, FeUrea) were not associated with the clinical outcomes. Thus, urine microscopy
and urine NGAL correlate fairly well and are complementary in predicting worsening AKI in
intensive care unit patients. Most recently, Hall and coworkers undertook a prospective cohort
study to evaluate traditional urine biomarkers and novel urine biomarkers in hospitalized
patients who developed early AKI according to the AKIN criteria [82]. They tested the utility
of these biomarkers in predicting several clinical outcomes as well as differentiating various
forms of AKI. After exclusion, 249 patients were enrolled on the first day of meeting AKI
criteria, more than half were older than 65 years of age, and nearly 50% were in the intensive
care unit; the mean baseline GFR was 69 ± 30 mL/min per 1.73 m2. The causes of AKI were as
follows: prerenal AKI (66%), ATN (20%), and “other” (14%). 72 patients (29%) met the
primary composite outcome of “worsened AKI or in-hospital death.” The adjusted risk for the
primary outcome was approximately threefold higher in those with upper than in those with
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lower values of urine NGAL, kidney injury molecule-1, IL-18, and microscopy score.
Secondary outcomes, such as higher AKI stage, dialysis requirement, nephrology consultation,
and death, were associated with higher urine biomarker quartiles or microscopy score. FeNa
and FeUrea were not useful for differential diagnosis or predicting outcomes. Importantly, risk
classification of AKI (determined by the net reclassification index and integrated discrimination
improvement) was significantly improved after the novel biomarkers or urine microscopy
measures were added to standard clinical variables. These data suggest that novel urine
biomarkers and urine microscopy are useful to differentiate early hospital-acquired AKI and
improve upon the baseline clinical determination of prognosis.

SCr as a biomarker

Conventional biochemical markers of AKI such as serum creatinine accumulate in the
blood as glomerular filtration rate (GFR) falls [85]. While creatinine changes remain the
standard for diagnosis of AKI, plasma creatinine has many limitations. Serum creatinine (SCr)
is a degradation product of muscle cells and represents a surrogate for the efficiency of
glomerular filtration. It has poor predictive accuracy for renal injury, particularly, in the early
stages of AKI [84]. In the case of critical illness, SCr concentrations are subject to large
fluctuations due to a patient’s induced dilutional volume status, the catabolic effects of critical
illness, the likelihood of concentration decreases in septic conditions and the increased tubular
excretion with diminishing renal function. Furthermore, after an injurious event, the rise in SCr
is slow. Therefore, detection of the earliest evidence of AKI necessitates the use of other plasma
or urinary biomarkers. SCr is the most practical and often used method to monitor glomerular
filtration rate, but its use in the neonatal period is associated with some limitations. During the
first 48–72 h of life, neonatal SCr still reflects maternal levels and these values may decline at
varying rates over days, depending on gestational age [85, 86]. Thereby, the levels of SCr
during the first week after birth and its changes (or lack of change) may be difficult to interpret.
Moreover, SCr concentrations may not change until 25–50% of the kidney function has already
been lost and, at lower GFR, SCr will overestimate renal function due to tubular secretion of
creatinine. Other additional factors need to be recalled: normal nephrogenesis begins at 8 weeks
of gestation and continues until the 34th week. Thereafter, GFR improves steadily over the first
few months of life. Depending on the degree of the neonate’s prematurity, GFR steadily
improves during the first week of life, concomitantly with alterations in renal blood flow.
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Overall GFR in term and preterm infants is very low, and there is a very wide distribution of
normal SCr values, which vary greatly, depending on the level of prematurity and age [86].
Serum Cystatin C
Cystatin C (Cys C) is a 13-kDa non-glycosylated cysteine protease inhibitor produced
by all nucleated cells at a constant rate. In healthy subjects, serum Cys C (SCys C) is excreted
through glomerular filtration and metabolized completely by the proximal tubules. Cys C can
be measured in a random sample of serum. All measures are based on liquid agglutination of
latex particles coated with polyclonal antibodies against Cys C which is coated on latex particles
and causes agglutination. The degree of the turbidity caused by agglutination can be measured
optically and is proportional to the amount of Cys C in the sample. There are two methods,
depending on the nature of the signal measurement. Particle-enhanced turbidimetry
immunoassay (PETIA) measures the transmitted light and Particle-enhanced nephelometric
immunoassay (PENIA) measures the diffused light. Reference values may differ in many
populations, with sex and age. Across different studies, the mean reference interval (as defined
by the 5th and 95th percentiles) was between 0.52 and 0.98 mg/L [87]. For women, the average
reference interval is 0.52 to 0.90 mg/L with a mean of 0.71 mg/L. For men, the average
reference interval is 0.56 to 0.98 mg/L with a mean of 0.77 mg/L. The normal values decrease
until the first year of life, remaining relatively stable before they increase again, especially
beyond age 50. Because of its constant rate of production, SCys C concentration is determined
by glomerular filtration. SCys C is not diagnostically specific for AKI because it is an early
marker of glomerular dysfunction rather than of tubular. Cystatin C in the sample binds to anticystatin C antibody, furthermore; there is no evident tubular secretion. Several studies claim
the superiority of SCys C against SCr to detect minor reductions in glomerular filtration rate
[88]. However, the interpretation of SCys C levels is biased by older age, gender, weight,
height, cigarette smoking and high levels of C-reactive protein [89]. In addition, Cys C levels
are supposedly influenced by abnormal thyroid function [90], the use of immunosuppressive
therapy and malignancies [91]. Nejat et al. included 444 patients at ICU admission, SCys C
predicted developing sustained AKI (n = 19) very modestly (area under the curve (AUC = 0.65,
95% confidence interval (CI) 0.58–0.71). AUC for diagnosis of AKI by using uCys C were
0.70 (CI, 0.64 to 0.75). Concentrations of uCys C were significantly higher in the presence of
sepsis (p < 0.0001) or AKI (p < 0.0001). No interaction was found between sepsis and AKI on
the uCys C concentrations (p = 0.53).in univariate analysis [92]. Herget-Rosenthal et al. [93]
described a cohort in whom SCys C was measured at admission in 85 patients with normal
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GFR. The reported AUC was 0.82 (CI 0.71–0.92) for acute renal failure two days prior to the
event. A recent multicenter study in 151 subjects in a comparative setting found a poorer
performance (AUC = 0.72 no CI provided) [94] compared the classification performance of a
set of urinary proteome analyses with SCys C in 20 general ICU patients, retrospectively, and
found low classification accuracy (AUC = 0.67). In cardio pulmonary bypass (CPB) cohorts,
several studies explored the use of Cys C for AKI prediction. Haase-Fielitz et al. [96] described
100 cardiac surgical patients among whom 23 subjects were classified as patients without
preoperative renal impairment. Their samples were measured at ICU arrival, and the reported
AUC = 0.78 (CI 0.58–0.99) did not improve after 24 h. Koyner et al. [97] reported on 72 patients
who were admitted following CPB with 34 subjects developing AKI, which was defined as a
25% increase in SCys C or the need for RRT (n = 7) within 3 days after surgery. SCys C
measured at the time of ICU arrival was not a useful early predictor for the composite outcome
AUC = 0.62 (0.49–0.75). A likely explanation is the applied unusual definition of AKI, which
indicates less severe grades of AKI among the event group. Serum cystatin C levels increased
with 82% sensitivity and 95% specificity 1.5 days earlier than serum creatinine in 44 patients
who developed AKI. Using the outcomes of death or the need for renal replacement therapy,
biomarkers have been tested for predictive efficacy. Serum Cys C levels were 76% sensitive
and 93% specific for renal replacement therapy (RRT) need 24 hours prior to initiation based
on creatinine levels [93]. In a few baseline pediatric studies, serum cystatin C levels were
diagnostically superior to serum creatinine and were independent of gender, body composition,
or muscle mass [98].

Urine Cystatin C
The urinary excretion of Cys C (uCys C) specifically reflects tubular damage because
systemically produced Cystatin C is normally not found in urine [93]. However, recent insights
show that urinary Cys C excretion is augmented by albuminuria [92]. In patients without AKI
on ICU entry, uCys C was not predictive of AKI occurring within 48 h with AUC= 0.54
(CI 0.46–0.62) [92]. Liangos et al. used uCys C for this prediction, which resulted in very
moderate performances 2-h post-CPB surgery with ROC AUC= 0.50 (CI 0.27–0.72) in a cohort
of 103 patients with 13 events of AKI [114]. In a study in patients undergoing CPB, Koyner et
al. [99] demonstrated that uCys C measured at ICU admission reached a maximum performance
with an AUC of 0.693 (CI 0.567–0.818). Among general adult ICU patients, 82 subjects
developed AKI within 48 h of admission and the predictive performance for urine Cys C
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corrected for urinary creatinine concentration yielded AUC= 0.55 (CI 0.48–0.63). For the
prediction of AKIN Stage 3 versus the rest of the cohort, the predictive performance increased
to AUC= 0.84 (CI 0.68–0.99) [80]. Royakkers et al. regarded uCys C as a predictor for AKI 2
days prior to the first day of AKI and found no diagnostic value (AUC ≥ 0.49) [100].

Neutrophil gelatinase-associated lipocalin
Neutrophil gelatinase-associated lipocalin (NGAL) is a small protein linked to
neutrophil gelatinase in specific leukocyte granules [101]. It is also expressed in a variety of
epithelial tissues associated with anti-microbial defence [102]. In the normal kidney, only the
distal tubules and collecting ducts stain for NGAL expression. NGAL’s composite molecule
binds ferric siderophores, and furthermore, it is a potent epithelial growth inducer, has
protective effects in ischaemia, [103] and is up-regulated by systemic bacterial infections [104].
In the case of AKI, proximal tubule cells also stain for NGAL proteins, which is explained by
megalin-cubilin-mediated re-uptake of NGAL present in the glomerular filtrate [105]. Urinary
NGAL originates from local production in the distal tubules and collectiing ducts. However,
uNGAL excretion is proportional to albumin excretion in mouse models of diabetic
nephropathy and is thus augmented when the proximal transport maximum is exceeded. Siew
et al. [106] enrolled their patients within 24 h after admission and reported a receiver operating
characteristic curve (ROC) AUC = 0.77 (CI 0.64–0.90) for developing AKI in a subgroup of
patients with estimated glomerular filtration rate (eGFR) at admission ≥75 mL/min/1.73 m2 for
urine NGAL (n = 18, patients having AKI versus 257 patients without AKI). Cruz et al. [107]
reported on the development of AKI within 48 h after first sampling an AUC = 0.78 (CI 0.65–
0.90). However, the reported positive predictive value was low (24%), and within 5 days, the
AUC was reduced to 0.67 (CI 0.55– 0.79) [107]. The first sampling was performed within 24 h
after ICU admission. De Geus et al. [108] came to roughly similar reports with samples at ICU
admission in patients with eGFR > 60 mL/min/1.73 m2 for both plasma and uNGAL
AUC = 0.75, AUC NGAL = 0.79. In patients with sepsis, the predictive performance for AKI
seemed not to be affected, as reported by Martensson [110] for both plasma and urine NGAL
[respectively, AUCs = 0.85 (CI 0.67–1.0) and 0.86 (CI 0.68–1.0). Several studies reported
results in CPB cohorts: Koyner et al. [80] measured both pNGAL AUC = 0.526 (0.388–0.664)
and uNGAL AUC = 0.705 (CI 0.581–0.829) at ICU admission. An additional analysis by the
same authors stratified their patients according to attained RIFLE stage and reported increased
performances when using the harder end point of failure AUC = 0.69 (0.57–0.80) and AKIN
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Stage 3 AUC= 0.79 (0.65–0.94) [80]. A large study (n = 426) in CPB patients demonstrated
test performance association with the pre-surgery baseline eGFR. Interestingly, only in patients
with an eGFR above 60 mL/min was NGAL predictive: AUC = 0.68 (CI 0.54–0.81) [111].
A much smaller study (n = 9 events) reported values for both pNGAL and uNGAL, corrected
for urinary creatinine: AUC = 0.85 (CI 0.73–0.97) and AUC = 0.96 (CI 0.90–1.0), respectively
[112]. Haase-Fielitz compared the performance of conventional and novel markers for pNGAL
in adult CPB patients, excluding patients with preoperative renal impairment NGAL: the results
yielded AUC = 0.80 (CI 0.58–0.99) [96]. Wagener et al. performed a study in adult CPB
patients: for urine NGAL, the predictive performance was AUC = 0.573 (CI 0.506–0.640)
directly after the operation and the performance increased until 18 h after ICU admission to a
maximum of 0.611 [113]. These results were similar also in 103 CPB patients 2 h after surgery:
AUC = 0.50 (CI 0.33–0.68) [114]. Among general adult ICU patients, 82 subjects developed
AKI within 48 h of admission, and the predictive performance for NGAL corrected for urinary
creatinine concentration yielded AUC = 0.55 (CI 0.48–0.63). Two groups of authors [94, 95]
compared the classification performance of urinary proteome analysis with classical markers.
For urine NGAL, the ROC analysis revealed low classification accuracy: AUC = 0.54 CI. The
only meta-analysis published to date assessed pNGAL’s ability to predict across different
settings; when weighted for study sample size, this value yielded an overall AUC of 0.782 (CI
0.689-0.872) [115]. In pediatrics, uNGAL levels demonstrated sharp increases to > 5000 ng/mg
within 2-4 hours in patients who would eventually require RRT [19]. Urinary NGAL (uNGAL)
levels of ≥ 50 μg/L were 100% sensitive and 98% predictive in the 20 from 71 children post
CPB who developed AKI [17]. Serum NGAL levels within 2 hours of CPB of ≥ 150 mg/L were
84% sensitive and 94% predictive in children who developed AKI within 3 days [116].
Additionally, the uNGAL area under the ROC for predicting worsening of AKI was 0.61.
Recently, several early markers of AKI have been identified from proteomic analysis of plasma
and urine from patients who go on to develop AKI [117]. By identifying substances that change
in concentration early in the time course of AKI, diagnosis may be accelerated and additional
insights into the pathogenesis of kidney injury obtained. Dent et al. [116] performed a
prospective, uncontrolled cohort study enrolling 120 children undergoing cardiopulmonary
bypass and found a strong correlation between plasma NGAL levels and AKI development with
a sensitivity of 0.84 and specificity of 0.94. In contrast, Parikh et al. [32] recently conducted a
prospective, multicenter cohort study involving 311 children undergoing cardiac surgery and
found that plasma NGAL levels were not associated with severe AKI and only weakly
associated with mild AKI. Neither of these studies commented on the use of perioperative
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steroids in their respective study populations. As mentioned in the current study, the potential
confounding effect of steroids on NGAL levels may explain these contradictory findings,
should be considered in future research, and warrants secondary analyses of prior studies.
Pesonen et al. [118] provide important information that preoperative steroids are likely a
confounding factor when interpreting plasma NGAL as a biomarker for AKI.

Interleukin-18

Interleukin-18 is a proinflammatory cytokine. It is synthesized in an inactive form by
several tissues including monocytes, macrophages, and proximal tubular epithelial cells. In
animal models the role of IL-18 was demonstrated in postischemic AKI. Studies of isolated
mouse proximal tubules demonstrated elevation of IL-18 following hypoxia, and mice with
ischemic AKI had increased urinary levels of IL-18 [119]. The ability of IL-18 to mediate
ischemic proximal tubular injury in mice has led to the assumption that it can be used as an
early biomarker of AKI in humans. IL-18 is measured through ELISA or a specific assay for
their detection. In animal models, IL-18 has proven to be an important mediator in the process
of AKI. Therefore, its urinary release has been anticipated as a possible early marker: several
studies have explored the clinical application of this hypothesis. Among general adult ICU
patients, 82 subjects developed AKI within 48 h of admission, and the predictive performance
for IL-18 corrected for urinary creatinine concentration was AUC = 0.55 (CI 0.47–0.62) [94].
Metzger et al. [95] compared the classification performance of urinary proteome analysis with
classical markers. For urine IL-18, the ROC analysis revealed low classification accuracy
(AUC = 0.57). Nevertheless, in a large cohort of mixed patients (n = 451), Siew et al. [109]
enrolled patients within 24 h after ICU admission: 86 developed AKI. The overall predictive
performance reported was AUC = 0.62 (CI 0.54–0.69); this value increased slightly in patients
with an eGFR above 75 mL/min/1.73 m2 AUC = 0.67 (CI 0.53–0.81). There seemed to be a
strong association with sepsis. In patients with acute lung injury, uIL-18 predicted progression
to AKI within 24 h with an accuracy of AUC = 0.731 (CI not provided) with substantial overlap
between cases and controls in urine concentrations. In CPB patients, 2 hr after CPB time, the
optimal performance was reported to yield an AUC = 0.66 (CI 0.49–0.83) [120].
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Liver fatty acid binding protein
Liver fatty acid binding proteins (L-FABP) are small (15 kDa) cytoplasmatic proteins
abundantly expressed in tissues with active fatty acid metabolism. Their primary function is the
facilitation of long-chain fatty acid transport, the regulation of gene expression and the
reduction sby efficient proximal tubular internalization via megalin-mediated endocytosis
[121]. Under ischaemic conditions, tubular L-FABP gene expression is induced; in renal
disease, the proximal tubular re-absorption of L-FABP is reduced [122]. Urinary L-FABP is
measured by enzyme-linked immunosorbent assay (ELISA). To date, there is one small study
reporting on the early diagnostic performance of L-FABP in adult ICU patients. The reported
ROC AUC value was 0.95, no CI provided. In the case control study of 27 post-CPB surgery
pediatric patients [123] authors find significant differences between patients with and without
AKI in L-FABP levels at 2, 6, and 48 h after surgery, length of hospital stays and CPB time;
L-FABP was normalized to urinary creatinine concentration at all time points, with area under
the receiver operator curve (AUC ROC) 0.867 at 2 and 6 h postoperatively. Correlation
coefficient between L-FABP and length of hospital stay after surgery was statistically
significant (r = 0.722, p value < 0.000).

Kidney injury molecule-1
Kidney injury molecule-1 (KIM-1) is a type I transmembrane glycoprotein with a
cleavable ectodomain (90 kDa) which is localized in the apical membrane of dilated tubules in
acute and chronic injury [124]. KIM-1 is believed to play a role in regeneration processes after
epithelial injury and in the removal of dead cells in the tubular lumen through phagocytosis
[125]. A reduction in proteinuria with renine angiotensin aldosteron blockade is accompanied
by a reduction in urinary KIM-1 excretion [126]. Among general adult ICU patients, 82 subjects
developed AKI within 48 h of admission, and the predictive performance for KIM-1 corrected
for urinary creatinine concentration yielded AUC = 0.55 (CI 0.47–0.62). In the studies of Endre
et al. [94] and Metzger et al. [95] compared the classification performance of urinary proteome
analysis with classical markers. For urine KIM-1, the ROC analysis revealed low classification
accuracy (AUC = 0.71 [95]. Several studies report its diagnostic properties in adult CPB
patients. Liang et al. [127] reported an AUC for progressive AKI of 0.69 (CI 0.61–0.78) after
6 h of inclusion. Notably, adding KIM-1 to interleukin (IL)-18 [AUC for IL-18 for progressive
AKI 6 h after inclusion was 0.87 (CI 0.80–0.93) in a predictive model improved the model’s
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accuracy only minimally [AUC 0.88 (CI 0.82–0.93)]. Liangos et al. [114] reported an AUC
2-h post-CPB surgery of 0.78 (CI 0.64–0.91): however, in multivariate regression analysis, the
association of KIM-1 was attenuated after adjustment. Koyner et al. [80] found an AUC 0.56
(CI 0.45–0.67) as admission value for the entire cohort with an improvement when predicting
AKIN Stage 3 only [AUC ≥0.69 (CI 0.44–0.93). Parikh et al. in the multicenter cohort study
involving 1219 adults and 311 children shows that KIM-1 levels peaked 2 days after surgery in
adults and 1 day after surgery in children [128]. KIM-1 levels remained significantly elevated
compared with the non-AKI group until day 5 in the adult AKI group and day 4 in the pediatric
AKI group. After multivariable adjustment, higher KIM-1 and L-FABP were associated with a
longer length of stay in the ICU and in the hospital for both adults and children (adjusted P for
trend < 0.001 in adults and adjusted p for trend < 0.001 in children [128].

Urinary hepcidin
Recently, urinary hepcidin has been suggested as a candidate biomarker of AKI [129].
The active form of hepcidin (hepcidin-25) may increase in the urine on the day after surgery in
patients not developing AKI after cardiac surgery. This inverse association between urinary
hepcidin and post CPB-AKI may be a unique feature of hepcidin as a biomarker in comparison
with more established biomarkers of AKI, such as neutrophil gelatinase-associated lipocalin
(NGAL) that are positively correlated with AKI [130]. No quantitative information, however,
exists on the relationship between urinary hepcidin, the urinary hepcidin: creatinine ratio and
the fractional excretion (FE) of hepcidin after CPB and subsequent AKI. Authors find that
urinary hepcidin and hepcidin: creatinine ratio may be an early post-operative biomarker of
AKI after CPB with an inverse association between postopertive urinary hepcidin oncentrations
and risk and severity of subsequent AKI.

Urine TIMP-2 and IGFBP7

Tissue inhibitor of metalloproteinase-2 (TIMP-2) and Insulin-like growth factorbinding protein 7 (IGFBP7), two novel biomarkers for risk stratification of AKI, were
discovered and validated in more than1.000 critically ill patients. [131]. In cells of different
types, including cells in renal tubules and lomeruli, TIMP-2 is expressed constitutively [132].
Reportedly, TIMP-2 is involved with G1 cell cycle arrest during the early phases of cell injury
[133]. Renal tubular cells enter a short period of G1 cell cycle arrest following renal ischemic
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insult [134]. Therefore, enhanced TIMP-2 expression can be expected in the pathological
condition of AKI. A clinical evaluation revealed that urinary TIMP-2 was not inferior to any
other biomarker, especially in patients with sepsis [135]. TIMP-2 has been identified as a
potential new AKI biomarker by examination of over 300 markers with a heterogeneous AKI
cohort comprising sepsis, shock, major surgery and trauma [135]. Together with TIMP-2,
IGFBP-7 was also found to be the best performing marker in the discovery study. These two
molecules are reportedly involved with cell cycle arrest at G1 phase [135]. Therefore, the utility
of TIMP- 2 and IGFBP-7 suggests a crucial role of cell cycle regulation in the pathogenesis of
AKI. Recently, in another independent study of urine proteome analysis using gel
electrophoresis and mass spectrometry, researchers identified IGFBP-7 as a novel prognostic
marker for AKI [136]. Although urinary IGFBP-7 showed performance like NGAL in terms of
AKI detection and reflection of AKI severity in an independent verification group of 28 patients
with AKI and 12 control patients without AKI, urinary NGAL appeared to predict mortality
better than IGFBP-7 did. These markers performed better than any other biomarker reported to
date, showed significant enhancement over clinical variables, are mechanistically relevant, and
can be easily measured with existing technology. Sites of functional and structural kidney
damage marker release are shown in Fig. 1.3.

Fig. 2.3 Sites of release of biomarkers along nephron
Modified from Koyner Jl, Parikh CR, CJASN (2013);8:1034-1042

Fig. 1.3 Sites of release of biomarkers along nephron
Modified from Koyner Jl, Parikh CR, CJASN (2013); 8, 1034–1042
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1.9 Management of AKI
Fluid replacement strategies

Fig. 1.4 Phases of fluid management
Hoste EA, Maitland K, Brudney CS. et al. British Journal of Anaesthesia
(2014) 113 (5), 740–747

Fluid resuscitation is a common practice in critically ill patients. From the renal perspective,
the aim of fluid resuscitation of the hypovolemic patient is to improve renal blood flow, increase
GFR, and reduce the incidence of AKI. In AKI patients, it is difficult to assess fluid
requirements due to the multifactorial nature of AKI, the limited accuracy of current diagnostic
techniques to determine volume status and the absence of practical tests to quantify renal blood
flow [137]. However, overly aggressive fluid replacement is often deleterious and associated
with an increased risk of mortality, as demonstrated in two studies published in 2011 [138, 139].
Maitland et al. performed a randomized trial with children in subsaharan Africa who suffered
from shock and life-threatening infections [140]. The trial was stopped early because fluid
resuscitation with albumin or saline was associated with increased 48-hour mortality in children
with impaired perfusion. Gelbart et al. [141] in a systematic revue analyzed three randomized
controlled trials and eight nonrandomized studies. Two single-center Indian studies and one
Brazilian study assessed three different fluid bolus therapy regimens in small cohorts with
different populations, physiological triggers, and physiological and clinical outcomes.
No randomized controlled trials compared fluid bolus therapy with alternative
interventions, such as vasopressors. The nonrandomized studies were heterogeneous in
populations, methodology, and outcome measures. No observed physiological differences were
identified based on volume of fluid bolus therapy. Several observational studies have shown a
direct correlation between fluid overload and mortality in critically ill patients with AKI.
36

Recently Vincent and De Backer [142] proposed a model that recognizes four distinct phases
or stages of resuscitation: Rescue, Optimization, Stabilization, and De-escalation. In the initial
phase rescue- the objective is restoration of effective circulating blood volume, organ perfusion
and tissue oxygenation. Fluid accumulation and a positive fluid balance may be expected. In
Optimization, the patient is no longer in immediate life-threatening danger but is in a stage of
compensated shock (but at high risk of decompensation) and any additional fluid therapy is
given more cautiously and titrated with the aim of optimizing cardiac function to improve tissue
perfusion with goal of mitigating organ dysfunction. Stabilization reflects the point at which a
patient is in a steady state so that fluid therapy is now only used for ongoing maintenance either
in setting of normal fluid losses (i.e. renal, gastrointestinal, insensible), but this could also be
fluid infusion (including rehydration) if the patient was experiencing ongoing losses because of
unresolved pathology. However, this stage is distinguished from the prior two by the absence
of shock (compensated or uncompensated) or the imminent threat of shock. In the final stage,
the objective centers around fluid removal and the concept of active “de-resuscitation”
corresponding to a state of physiologic stabilization, organ injury recovery and convalescence.
During this phase, unnecessary fluid accumulation may contribute to secondary organ injury
and adverse events. For example, in septic patients with acute lung injury, the balance between
early goal-directed therapy aimed at adequate initial fluid resuscitation coupled with
downstream diuretic use and “de-resuscitation” (i.e., conservative late fluid management) can
improve outcomes [143]. Similarly, in pediatric septic shock, outcome improved with early
appropriate fluid therapy [144].
Special considerations are needed when managing fluid status in children with cardiac
disease. Maintenance IV fluids cannot be indiscriminately given to infants and children with
cardiac disease given the important impact of loading conditions of cardiac physiology.
Adequate systemic venous preload is particularly important to maintain sufficient pulmonary
blood flow in certain patients with congenital heart disease. For example, infants with tetralogy
of Fallot and those with functional single ventricles ho have undergone a superior (i.e.,
bidirectional Glenn or hemi-Fontan) or total cavopulmonary connection (i.e., Fontan) may be
preload dependent. Preoperative neonates with d-transposition of the great arteries may benefit
from augmented pulmonary venous volume to facilitate adequate interatrial mixing. Pediatric
cardiac patients warrant meticulous attention to several fluid management variables. Fluid
intake must be serially assessed, including volume of infusions, medications, and blood
products. Ongoing losses should also be tracked closely, including those from urine, bleeding,
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insensible losses, and capillary leak into the interstitium. Specific guidelines for the
composition and rate of IV fluid administration for the pediatric cardiac patient do not exist.

Selection of fluids

The clinical decision to administer i.v. fluids in acute illness is followed by decisions on
the amount and type of fluid to be infused. Like any other drug used during acute illness, i.v.
fluids have quantitative and qualitative adverse effects, with the therapeutic index depending
on the type of fluid and the clinical setting. Patterns of fluid selection are dependent on local
practice and not necessarily based on evidence.

Colloids

When compared with crystalloids, colloids have not been shown to improve patientcentered outcomes, yet they are widely used based on theoretical advantages inferred from
traditional physiological principles. In the adult population, studies have compared Albumin to
saline (SAFE study) and hydroxyethylstarches to saline (SOAP study) [145] for resuscitation.
Neither demonstrated clear benefit in colloid over crystalloid infusions. There were no survival
difference in > 7.000 patients between recipients of albumin or saline (SAFE study). Authors
has found fluid accumulation to be a predictor of 60-day mortality (HR = 1.21/L per 24 h, 95%
CI: 1.13–1.28; P < 0.001) [147]. However, albumin therapy increased the risk of death in a
prespecified subgroup with traumatic brain injury [146]. Precise mechanisms are unclear, but
the increase in intracranial pressure among patients in the albumin group may be related to the
relatively hypotonic and hypo-osmolar nature of the 4% albumin. In three randomized studies
of children with severe malaria, albumin conferred a survival advantage when compared with
both normal saline and gelatin [147, 148]. The safety of hydroxyethyl starch (HES) has been
under scrutiny for many years, with reviews noting increased risks, especially with older high
molecular weight hyperoncotic HES [149]. Modern tetrastarch (6% HES 130/0.4) may have
been considered preferable with faster plasma clearance (even with repeated administration)
[150]. However as seen in large investigator-initiated RCTs, risks of impaired kidney function
with HES appear to be persistent, generic, and dose-dependent [151]. A recent observational
study similarly raised concern about the risk of AKI with the use of gelatin [152]. In the light
of current evidence, it is difficult to support the use of semisynthetic colloids during
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resuscitation in critically ill patients. The clinical use of HES solutions has been significantly
restricted by regulatory authorities via warnings on the potential for adverse effects.

Crystalloids

Animal and human experiments have shown that infusions of moderate to large volumes
of 0.9% saline can cause a hyperchloremic acidosis and can also cause greater interstitial edema
than balanced crystalloids (which are like human plasma in their composition, strong ion
difference, and do not produce hyperchloremia and acidosis) [153, 154]. Hyperchloremia can
cause renal vasoconstriction, decreased renal artery flow velocity, blood flow, and cortical
tissue perfusion, and reduced glomerular filtration rate, leading to salt and water retention, when
compared with balanced crystalloids [155, 156]. However, review of the literature fails to reveal
a single large randomized study showing 0.9% saline to be clinically superior to the more
physiological balanced crystalloids. The absence of studies demonstrating better clinical
outcomes with balanced crystalloids has led to the continued use of 0.9% saline in most areas
of practice. Recent large observational study [157] have also suggested that the high chloride
content of 0.9% saline may cause harm, especially to the kidney. Using a validated and quality
assured database, evaluation of outcomes in 30 994 adult patients undergoing major open
abdominal surgery showed that unadjusted in-hospital mortality (5.6% vs 2.9%) and the
percentage of patients developing complications (33.7% vs 23%) were significantly greater in
the 0.9% saline group when compared with the group receiving a balanced crystalloid [159].
Mortality differences ceased to be statistically significant after adjustment for confounding
factors. Patients receiving 0.9% saline had significantly greater blood transfusion requirements,
more infectious complications, and were more likely to require dialysis than those receiving
balanced crystalloids. This large observational study suggest that it may be time to reconsider
the use of 0.9% saline as the default crystalloid of choice and restrict its use to specific situations
(hypochloremia and metabolic alkalosis).

Blood transfusion and AKI

Recent discoveries about the impact of CPB on the kidneys and the important and
interconnecting roles of inflammation, renal hypoxia, and oxidative stress in the pathogenesis
of AKI have provided an explanation for why transfusions might harm the kidneys during
cardiac surgery with CPB and why anemic patients might be more susceptible to these
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deleterious effects. During storage of blood, erythrocytes undergo progressive, interrelated
biochemical and morphological changes that are thought to contribute to any organ damage that
might be caused by blood transfusion. These changes, which collectively are known as the
storage defect, include depletion of adenosine triphosphate and 2.3-diphosphoglycerate,
alterations in nitric oxide-mediated functions, and increased lipid peroxidation [158]. As a
result, the erythrocyte membrane undergoes changes that are mostly irreversible and cause it to
become less deformable and more fragile. This affects survival during storage, and leads to
progressive hemolysis, formation of hemoglobin-laden microvesicles and accumulation of proinflammatory molecules, free hemoglobin, and iron in the supernatant [159]. Post-transfusion
survival is also affected, such that within an hour of transfusion, up to 30% of the transfused
erythrocytes are either hemolysis, potentially leading to the presence of free hemoglobin in the
circulation or removed from the circulation by macrophages [160]. When macrophages are
presented with small amounts of damaged erythrocytes, which occurs under normal
circumstances, they can sequester the hemoglobin-iron contained in the erythrocytes and then
slowly release the iron into the circulation safely bound to the iron-carrier protein transferrin
[161]. When there is an excessive number of damaged erythrocytes due to transfusion, however,
the amount of hemoglobin-iron released by macrophages can overwhelm the iron binding sites
on transferrin, potentially resulting in the presence of free iron in the circulation [160]. Thus,
transfusion of several units of older blood can lead to high concentrations of free hemoglobin
and iron in the circulation, as has been shown in animal and human experiments [162, 163]. By
some estimates, transfusion of 2 units of red blood cells could increase plasma free hemoglobin
by 10-fold above normal levels [163]. Free hemoglobin and iron are highly toxic to the kidney
and other organs: free hemoglobin can cause microcirculatory dysfunction through nitric oxide
scavenging and free iron is a potent prooxidant [46].
CPB-assisted cardiac surgery is itself an important aggravating factor, as extracorporeal
circulation progressively damages native erythrocytes, further increasing free hemoglobin and
iron levels [165]. Thus, red blood cell transfusions, by promoting a proinflammatory state,
impairing tissue oxygen delivery, and exacerbating tissue oxidative stress, can be an important
instigator of the “extension phase”’ of kidney injury. This risk is likely influenced by the
number of units transfused, the clinical setting, and the patient susceptibilities. There are several
reasons why anemia might make patients more susceptible to the potential harms of transfusion.
First, patients with preoperative anemia have consistently lower hemoglobin
concentrations throughout the operative period than those without preoperative anemia, which
puts them at risk for tissue hypoxia, particularly during CPB when tissue oxygen delivery is
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already compromised [166, 167]. This acute-on-chronic anemia can be particularly harmful to
the kidneys because the kidneys are highly vulnerable to hypoxic injury in the setting of reduced
oxygen delivery due to both chronic and acute anemia [168].
Secondly, despite having normal creatinine values, many anemic patients have
subclinical kidney disease that is characterized by increased renal tubular oxygen consumption
and oxidative stress. As a result, they may have limited ability to tolerate any additional hypoxic
and oxidative injury resulting from perioperative anemia and erythrocyte transfusion.
Anemic patients might also be more susceptible to AKI because native erythrocytes play
an important role in protecting against oxidative injury [169]. Having fewer erythrocytes,
anemic patients have weakened anti-oxidant defenses and increased oxidative stress [171].
Thus, any intervention that worsens oxidative stress, such as transfusion of red blood cells, will
likely cause more oxidative injury in anemic than non-anemic patients.
Finally, anemic patients might be at increased risk of post-transfusion oxidative injury
because of abnormal iron metabolism [171]. Macrophages play an important role in protecting
against free iron toxicity by sequestering the hemoglobin-iron of damaged erythrocytes and
slowly releasing the iron back into the circulation safely bound to transferrin [173]. The ability
of macrophages to sequester hemoglobin-iron is promoted by the hormone hepcidin, which is
inhibited in the setting of anemia and hypoxia [173]. Thus, anemia can blunt the ability of
macrophages to sequester iron, potentially predisposing patients to free iron toxicity when they
are presented with increased amounts of damaged erythrocytes [171, 174] such as after blood
transfusion 85 in patients undergoing open heart surgery [175].
There are several available or experimental therapeutic options described in literature
that can help avoid or reduce the potential harms of perioperative red blood cell transfusions in
CSA-AKI.
One option is to reduce the rate of perioperative transfusions. Some interventions that
can be readily applied to most patients include reducing perioperative hemodilution by
minimizing fluid administration and retrograde autologous priming of the cardiopulmonary
circuit, salvage of shed blood, and tolerance of moderate hemodilution [176]. One important
caveat, however, is that severe hemodilution, such as can be caused using acute normovolaemic
hemodilution, might be harmful as it may predispose patients to the potential harms of anemia
outlined earlier. As to the level of anemia that might increase the risk of AKI, current evidence
is not conclusive but does indicate that hematocrit should be maintained at or 20% during CPB,
and likely higher after CPB [177]. It is important to note that since perioperative transfusion
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and anemia likely have a synergistic effect on the risk of AKI, transfusing moderately anemic
patients to avoid the risks of anemia are likely to further increase the risk of AKI.
Second option is to reduce the need for perioperative transfusions in anemic patients by
early identification and treatment with erythropoietin-stimulating agents and iron therapy [176].
In cardiac surgery, however, this intervention has limited efficacy and major risk concerns,
including increasing risk of thromboembolic events, cancer recurrence, and death [177].
Third option for reducing transfusion-related AKI is to improve the quality of the
transfused blood or to blunt its harmful effects. It might reduce the harms of transfusion is
washing of blood to remove the pro-inflammatory molecules, free hemoglobin, and iron that
accumulate in the supernatant during storage [179]. An intervention that might protect against
the harmful effects of transfusion is administration of haptoglobin to scavenge the free
hemoglobin that could be responsible for transfusion-related AKI after cardiac surgery with
CPB [180].

Preoperative fluid management

A few factors may contribute to preoperative disturbances in fluid status. Neonates are
commonly receiving prostaglandin E1, which may increase the risk of interstitial edema [181].
Excessive pulmonary blood flow will often develop, as pulmonary vascular resistance falls, in
neonates with ductal-dependent systemic blood flow, which may lead to pulmonary edema.
Those who present in shock may receive substantial amounts of volume during initial
resuscitation. Decreased cardiac output and diminished tissue oxygen delivery may develop in
patients with several pathophysiologic states, including those with decreased systolic and
diastolic function, atrioventricular valve regurgitation, hypoxia, and large left to right shunts.
Neurohormonal compensatory mechanisms are in turn activated to promote fluid retention,
including the renin-aldosterone-angiotensin system and increased release of antidiuretic
hormone. Contrast injections and nephrotoxic medications also contribute to the risk of
preoperative AKI leading to fluid and salt retention [182]. Variability exists between patients
in preoperative plasma protein levels, immune system, and capillary permeability, all of which
may influence the severity of perioperative edema and pleural or pericardial effusions or ascites
[183]. Preoperative patients are also at risk of relative hypovolemia. Tachypnea and
hypermetabolic profiles, such as high-output failure or fevers, increase insensible losses.
Children may become dehydrated because of “nil per os” status before surgery.
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Hypoproteinemia and diuretics may also induce a state of relative intravascular volume
depletion.

Intraoperative fluid management

The etiology of intraoperative fluid overload is multifactorial. An increase in venous
capacitance during anesthetic induction may result in a relative hypovolemic state and
inadequate preload. Infants are particularly vulnerable to priming volumes and the
hemodilution effects of CPB that result in reduced plasma colloidal oncotic pressure leading to
fluid extravasation [184]. The inflammatory cascade induced by CPB promotes interstitial
edema by altering Starling forces. Resultant changes include increased capillary hydrostatic
pressure, decreased plasma oncotic pressure, increased tissue osmotic pressure, increased
capillary permeability or filtration surface area, and decreased lymphatic drainage [185].
Hypogammaglobulinemia occurs in 50% of infants following CPB and is associated with
increased proinflammatory cytokines and a positive 24-hour fluid balance [186]. Independent
of inflammatory effects, the use of hypothermia during CPB is associated with a four-fold
increase in net fluid extravasation [187]. The extravasation is likely related to hypothermiainduced vasoconstriction and increased blood viscosity. All of the above conditions are often
treated with fluid resuscitation, which may cumulate in a fluid overloaded state. Less
commonly, patients may return from the operating room with hypovolemia. Contributing
factors may include the use of ultrafiltration during or immediately following CPB, diuretic
administration in the operating room, and bleeding.
Postoperative fluid management

In patients recovering from complex cardiac surgery, the immediate postoperative
period may be characterized by the need for ongoing volume replacement. Many factors may
be contributory, including the sequelae of CPB and myocardial ischemia-reperfusion injury,
side effects of sedatives and narcotics, and residual cardiac lesions. In neonates and infants
enrolled in the Boston Circulatory Arrest Study between 1988 and 1992, Wernovsky et al. [188]
found an average fluid accumulation of 664 mL (≈ 30% weight gain) following the arterial
switch operation. This extent of fluid accumulation is less commonly seen in the current era but
remains problematic for some patients. Capillary leak and low cardiac output syndrome (LCOS)
following CPB are most pronounced during the first 6 to 18 hours after surgery [189]. During
this period of endothelial and myocardial dysfunction, interstitial edema may develop.
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Diminished renal arterial perfusion pressure and a commensurate increase in antidiuretic
hormone secretion serve to inhibit renal perfusion. Positive pressure ventilation further
increases plasma renin activity, plasma aldosterone levels, and urinary antidiuretic hormone
concentrations [190]. Adult and pediatric studies have found that the natriuretic hormone
system is dysfunctional early after CPB [191]. AKI may develop after CPB, which may
exacerbate fluid overload. Patients at greater risk include those with younger age, lower
gestational age, receiving preoperative ventilation, longer bypass and hypothermic circulatory
arrest times, and greater surgical complexity [30]. Alternatively, fluid overload may precede
and exacerbate AKI [192]. Less commonly, intravascular hypovolemia or frank dehydration
may develop in the postoperative period. Contributory factors may include excessive diuretic
administration and lack of complete accounting for insensible or gastrointestinal losses.

Role of fluid balance

Although fluid resuscitation and optimization of renal perfusion pressure are central
to the prevention and treatment of AKI, excessive fluid resuscitation may be harmful in some
critically ill patients. Fluid overload (FO), which often accompanies significant acute kidney
injury, was first recognized in a retrospective study of pediatric bone marrow transplant
patients. [193]. Payen et al. [194] and Bouchard et al. [195] found, when analyzing two large
cohorts of critically ill patients, that a positive fluid balance was associated with an increased
risk of death in patients suffering from AKI. First, aggressive fluid resuscitation, although
increasing renal blood flow, can be ineffective in restoring renal microvascular oxygenation
due to hemodilution with no increase in blood-oxygen carriage capacities [196]. Second,
positive fluid balance can deteriorate cell oxygenation and prolong mechanical ventilation
[197]. Finally, fluid overload may lead to central venous congestion and decrease of renal
perfusion pressure [198], which will promote the development of AKI in patients with acute
heart failure [199] or sepsis [200].
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Fig. 1.5 Vitious circle of fluid overload

Fluids should be considered as any other drug, with specific indications and contraindications. Consensus guidelines for preventing contrast nephropathy recommend using
crystalloids (saline or bicarbonate-based solutions) at rates of 1–1.5 mL/ kg/h for 12 h before
and 12 h after the contrast procedure [201]. These recommendations are based on achieving
urine volumes > 150 mL/ h as these levels have been associated with decreased risk for AKI.
For emergent cases, when a 12 h prehydration regimen is not possible, 3 mL kg/h is
recommended for 1 h before and continued for 6 h after the procedure [202]. The type of fluid,
rate of fluid administration, and dose should also be carefully considered [203]. No consensus
exists regarding the appropriate balance of fluids, diuresis, and RRT to use in AKI. In response
to hypoperfusion, many patients may receive total fluid doses to reach central venous pressure
and mean arterial pressure targets that result in total body water overload. Pediatric studies have
pioneered the concept now well established in all ages that fluid overload is an independent risk
factor for mortality in AKI. The Prospective Pediatric Continuous Renal Replacement Therapy
Registry Group (Prospective Pediatric CRRT), studying a sample of 116 children,
retrospectively found increased fluid administration to be independently associated with
mortality in children started on CRRT [204]. When Goldstein et al. [205] first published on the
potential detrimental effects of cumulative fluid overload, there was a lot of resistance from the
critical care community about their conclusions as there was new data on the importance of
aggressive goal-directed use of fluids in the early course of sepsis [144].
In pediatrics, the percent fluid overload has been used as an initiating trigger and is
calculated as follows:
Fluid overload = [(Fluids IN + fluids OUT) /admission weight] ×100
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In a study of 113 children with multiple organ dysfunction syndrome started on CRRT,
median percent fluid overload was significantly lower in survivors compared to nonsurvivors
(7.8% vs. 15.1%), independent of severity of illness [206]. A recent analysis of 340 children
[207] used a tripartite classification for percent fluid overload at initiation of renal replacement
therapy: < 10%, 10–20%, and ≥20% fluid overload. Those with ≥20% fluid overload had a 66%
mortality rate, whereas those with 10–20% fluid overload displayed a lower mortality rate of
43%, and those with < 10% fluid overload had the lowest mortality rate of 29%. The association
between degree of fluid overload and mortality remained after adjusting for intergroup
differences and severity of illness [207]. Patients with ≥20% fluid overload had an 8.5-fold
greater adjusted odds ratio of death than those with < 20% fluid overload. In the recent study
of Lex et al. authors analyze postoperative FB in 1520 pediatric patients after open heart surgery
[208]. They find positive FB between 5% and 10% in 120 patients (7.8%), in 33 patients (2.1%)
FB was above 10%. After multivariable analysis, higher fluid overload on the day of the surgery
was independently associated with mortality (adjusted odds ratio, 1.14; 95% CI, 1.008–1.303;
p = 0.041) and low cardiac output syndrome (adjusted odds ratio, 1.21; 95% CI, 1.12–1.30;
p = 0.001). Higher maximum SCys C levels (adjusted odds ratio, 1.01; 95% CI, 1.003–1.021;
p = 0.009), maximum vasoactive-inotropic scores (adjusted odds ratio, 1.01; 95% CI,
1.005–1.029; p = 0.042), and higher blood loss on the day of the surgery (adjusted odds ratio,
1.01; 95% CI, 1.004–1.025; p = 0.015) were associated with a higher risk of fluid overload that
was greater than 5%.

Fluid overload and SCr dilution

Some authors have speculated that dilution of serum after volume expansion may be a
primary factor in limiting the ability of SCr changes to diagnose AKI.

Consequently, a SCr correction formula for relative volume expansion has been
proposed, providing an estimate of SCr at a notional even fluid balance (FB) seeking to unmask
hitherto “missed” AKI [209].
Use of corrected SCr from diagnosis of AKI has now been employed in several other
AKI studies [210–212]. However, this method essentially treats all cumulative volume
expansion as occurring instantaneously at the point of SCr measurement, failing to account for
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the actual kinetics of creatinine excretion. Creatinine excretion (Cre) is principally excreted by
unselective glomerular ultrafiltration, so Cre ~ GFR SCr. Thus, when volume expansion acutely
reduces SCr, Cre will fall in parallel, and if one assumes that creatinine generation (G) remains
constant, creatinine will then accumulate in the body water until SCr rises again to its baseline
value, when Cre ≥ G. The only circumstance when this will not occur will be if GFR is zero and
excretion cannot be reduced further by dilution; however, in this instance, AKI diagnosis is
usually unambiguous. The effect of dilution of creatinine excretion can be appreciated by
modelling SCr changes after volume expansion using the analytical solution to a single
compartment, a fixed volume model for creatinine kinetics [213]:

in which K = glomerular filtration rate (L/min), G = creatinine generation rate (µmol/min),
t = time (min), Cr0 = baseline plasma creatinine concentration (µmol/L), Crt = plasma creatinine
concentration at time, V = total body water (L), and e = base of natural logarithmic function.
Despite a lack of clear physiological basis, formula correction of SCr for cumulative FB
has been applied in many publications over periods of 7 days or more [210–212]. However, any
changes in AKI classification using corrected SCr must be associated with a more positive FB,
which is, a marker of illness severity and risk factor for adverse outcomes. Similarly, reductions
in creatinine generation may occur in sicker patients, potentially obscuring AKI diagnosis;
however, this process is mechanistically distinct from plasma dilution and should be considered
as a distinct entity not directly related to FB. It is obvious that applying the correction factor for
cumulative FB over periods longer than a few hours after volume expansion lacks physiological
rationale or any objective evidence to support its accuracy. Moreover, due to difference in body
composition, children have higher body water content relative to body mass than adults. On
average, water represents 80% in preterm infants and 75% of the body mass in infants in the
first 6 months of life. Then it decreases rapidly between 6 months and 2 years and at a slower
rate during childhood. It reaches an adult level (60%) by the age of puberty (> 12 years). Some
pediatric studies [192, 211] apply adult-based TBW calculations using fixed value (0.6) of
extracellular fluid compartment, which leads to inaccurate fluid overload-adjusted SCr in
infants and children. In the largest AKI epidemiological study with 4683 pediatric patients
enrolled authors ignored SCr correction [214]. Recent study in adults applying the adjustment
equation showed a modest (15.9%) increase in the AKI staging slightly impacting outcomes
(mortality, length, and cost of stay) without statistical significance [215].
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Intra-abdominal pressure

Abdominal fluid accumulation may occur in critically ill cardiac patients. IAH may be
defined as an intra-abdominal pressure of greater than 20 mm Hg. Recent consensus guidelines
on the diagnosis and management of intra-abdominal hypertension in critically ill children
recommend measuring intra-abdominal pressure when risk factors are present, including an
end-expiratory pressure of greater than 10 cm of water, after massive fluid resuscitation, or with
significant positive fluid balance and a distended abdomen [216]. In patients in whom intraabdominal hypertension develops, consideration for drainage of the peritoneal cavity is
warranted. Studies suggest that peritoneal cavity drainage can be performed safely and may
improve outcomes by improving renal perfusion. Retrospective studies in children recovering
from selected cardiac operations have found an association between peritoneal drainage and
shorter time to negative fluid balance and extubation [217, 218]. Intraoperative or early
postoperative placement of a peritoneal drain may be more prudent than awaiting the
development of renal failure [219]. However, a prospective trial of empiric peritoneal drainage
placement in patients after the Norwood palliation found no difference in fluid balance or
improvement in outcomes, yet a higher incidence of complications [220]. A mechanism by
which fluid overload may contribute directly to renal dysfunction is by leading to intraabdominal hypertension (IAH) and the abdominal compartment syndrome (ACS), both of
which are associated with significant morbidity and mortality in critically ill patients. The
kidneys are vulnerable to even small increases in IAP, and oliguria is one of the first visible
signs of IAH. Inadequate renal perfusion pressure and renal filtration gradient (FG) have been
proposed as key factors in the development of IAP-induced renal failure [221]. The FG is the
mechanical force across the glomerulus and equals the difference between the glomerular
filtration pressure (GFP) and the proximal tubular pressure (PTP). In the presence of IAH, GFP
may be approximated as MAP minus IAP (or APP) while PTP may be assumed to equal IAP.
The FG is thus defined as MAP minus two times the IAP, illustrating that changes in IAP have
a greater impact upon renal function and urine production than do changes in MAP. Elevated
IAP leads to compression of intra-abdominal vessels, compromised microvascular blood flow,
and increased renal venous pressure, which in turn results in impaired renal plasma flow,
decreased glomerular filtration rate, and oliguria.
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Renal perfusion

Adequate renal perfusion is essential for prevention of postoperative fluid overload and
AKI. Renal perfusion pressure is calculated as mean arterial pressure (MAP) minus CVP.
Widely accepted values for normal renal perfusion pressure in the pediatric cardiac population
have not been established. Several variables should be considered to determine whether an
individual patient has adequate renal perfusion pressure, including patient age and the cardiac
physiology. The underlying cardiac physiology must be considered when determining the
adequacy of renal perfusion pressure. Congenital heart lesions that feature a noncompliant right
ventricle (e.g., pulmonary atresia with intact ventricular septum; tetralogy of Fallot) may have
elevated right atrial pressure and systemic venous hypertension. Similarly, patients with a
functional single ventricle palliated with a total cavopulmonary anastomosis (i.e., Fontan
circulation) have a nonphasic, elevated CVP. For both populations, a higher MAP may be
needed to achieve adequate renal perfusion. Inadequate renal perfusion may exist in some
patients because of a combination of elevation of systemic venous pressure and inadequate
arterial pressure because of pump failure. Pharmacologic measures to provide sedation and
analgesia may result in systemic arterial hypotension. Benzodiazepines, narcotics, and propofol
are frequently considered causative agents. Clinicians must balance the requirement for
adequate sedation and analgesia with the maintenance of an adequate MAP to optimize renal
perfusion. Inotropic or vasopressor infusions may be useful to establish and maintain adequate
renal perfusion pressure in selected patients. Note that pressure alone may not correlate well
with regional organ perfusion and that quantification of flow to end organs is often impractical
at the bedside. However, urine output is quite sensitive to renal perfusion pressure and should
be followed closely. Serum blood urea nitrogen, creatinine, and creatinine clearance may assist
in the assessment of renal perfusion pressure and evolving renal dysfunction. The recent
published Kidney Disease: Improving Global Outcomes definitions may be used to provide a
uniform approach to the diagnosis of AKI [222]. Near-infrared spectroscopy may be used to
measure renal tissue oxygenation [223]. Finally, biomarkers, such as neutrophil gelatinaseassociated lipocalin (NGAL) and cystatin C, are useful for early identification of AKI and now
is a part of routine clinical care [224]. Up to 40% of all medications prescribed in the pediatric
cardiac ICU may adversely affect intrinsic renal function [225]. In the acute setting, the two
most significant threats to renal perfusion pressure are systemic arterial hypotension and
increased intra-abdominal pressure (including so-called abdominal compartment syndrome).
Specific recommendations to maintain renal perfusion are difficult to make. First, vasopressor
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medications (e.g. norepinephrine) should be used only to treat arterial hypotension once
intravascular volume has been restored. In practice, vasopressors are often started as volume
loading is underway and discontinued if no longer required, once hypovolemia has been
reversed [226]. Conventionally, a reduction in RBF and renal ischemia have been regarded
central to the pathogenesis of AKI in critical illness [227]; however, the situation is likely to be
more complex. In animal models, AKI has been reported when cardiac output was preserved or
elevated [228], and subtotal (90%) occlusion of the renal arteries did not lead to prolonged AKI
[229]. Furthermore, cardiac arrest and warm renal ischemia in humans only lead to significant
AKI in the presence of severe post-resuscitation disease and cardiogenic shock [230]. These
observations infer that local and systemic inflammatory responses, changes in intra-RBF
distribution, microcirculatory dysfunction and glomerular hemodynamics may all account for
loss of kidney function, even in the presence of maintained or increased RBF. Fluid
administration has been shown to augment both cardiac output and RBF without an overall
increase in renal oxygen delivery [231], while fluid resuscitation in an experimental model of
hemorrhagic shock can restore blood pressure and cardiac output without recovery of renal
tissue oxygen tension [232]. Finally, even when renal oxygen delivery is reduced, increased
oxygen extraction may maintain renal oxygen consumption- suggesting that increasing renal
oxygen delivery by increasing cardiac output may not avert AKI [233]. To limit ischemic injury,
attempts are made to modulate renal perfusion pressure and to optimize renal preload.

Renal vasodilators

The use of renal vasodilators to increase renal perfusion has not demonstrated improved
outcomes. Adult studies of low-dose, or “renal-dose,” dopamine have failed to show benefit
and may even be harmful [234, 235]. Low-dose dopamine in children has not been effective at
improving outcomes either [236]. A metaanalysis of dopamine use in adults showed that in
24 studies, dopamine did not prevent mortality, the onset of acute kidney failure, or the need
for dialysis [237]. In another metaanalysis of 61 trials, low dose dopamine increased urine
output by 24% but resulted in no significant improvement in serum creatinine levels [238]. Low
dose dopamine in children has not been effective at improving outcomes either [239]. Further,
low dose dopamine may increase the risk of tachyarrhythmias and ischemic injury to the
myocardium by increasing myocardial oxygen consumption. Additionally, its natriuretic effects
may worsen the effective hypovolemia seen in AKI. Fenoldopam, a selective dopamine agonist,
increases renal blood flow and may reduce mortality and the need for RRT in adults but has not
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significantly improved AKI outcomes in children [240]. Compared to low dose dopamine,
fenoldopam dosed from 0.05 to 0.1 μg/kg/min was shown to improve serum creatinine values
in 100 adults matched for severity of illness [241] but showed no difference in 80 patients
undergoing cardiac surgery [242]. Neither low-dose dopamine nor fenoldopam have been tested
in a large prospective cohort pediatric study and cannot be recommended for prevention or
management of AKI outside of the context of a clinical trial.

Optimization of systemic blood pressure
Autoregulatory mechanisms are first line of defense, however, maybe significantly
impaired: a) because of underlying kidney disease and b) as a consequence of AKI secondary
to drug therapy. Maintaining an adequate filtration pressure gradient is key to maintaining GFR.
Many clinicians and clinical protocols target a mean arterial pressure of 60–65 mmHg.
However, patients with long-standing hypertension and/or renal vascular disease may require
substantially higher pressures to maintain renal perfusion. Restoration of MAP from 60 to
75 mmHg improves renal oxygen delivery, GFR and the renal oxygen supply/demand
relationship in post-cardiac surgery patients with vasodilatory shock and AKI. This pressuredependent renal perfusion, filtration and oxygenation at levels of MAP below 75 mmHg reflect
an exhausted renal autoregulatory reserve [243]. In critically ill patients, one study in
217 patients found a MAP of up to 82 mmHg may be required to prevent AKI [244]. Similarly,
a study in 31 critically ill patients demonstrated periods with a systolic blood pressure less than
90 mmHg for at least 30 min were associated with higher levels of cardiac enzymes. One study
performed in patients undergoing noncardiac surgery found that in those who were at high risk
for AKI, periods of a MAP less than 60 mmHg were more common in those who developed
AKI than those who did not [245]. Furthermore, using classification and regression tree
analysis, Bijker et al. [246] found a MAP less than 50 mmHg had the largest independent
association with death in their study in 1705 patients undergoing noncardiac surgery. In human
septic shock, two interventional prospective studies of limited size [247, 248] have shown that
increasing MAP from 65 to 75 or 85 mmHg with norepinephrine did not result in urinary output
nor serum creatinine significant improvement. There is no evidence from clinical studies or
appropriately designed animal experiments [228] that norepinephrine is associated with
increased risk of AKI when used to treat arterial hypotension. Indeed, a large observational
study of Sakr et al. [249], suggest that other vasopressors, dopamine, may be less efficacious
and possibly associated with lower survival. Further, a recent retrospective cohort study
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suggested that levels of MAP higher than 75 mmHg could be necessary to insure renal
protection during sepsis and septic shock [250]. Current recommendations for the prevention
of AKI in the ICU propose to achieve a MAP above 60 to 65 mmHg but indicate that this target
pressure should be individualized when possible, especially if knowledge of the premorbid
blood pressure is available [251]. In case of chronic hypertension, the autoregulation MAP
thresholds are known to be higher than in normotensive patients, and this could suggest that
higher levels of blood pressure are necessary in hypertensive patients to maintain RBF [167].
Aronson et al. reported that the magnitude and duration of systolic blood pressure excursions
outside of predefined limits (65 to 135 mmHg intraoperatively, 75 to 145 mmHg pre- and
postoperatively) predicted cardiac surgery-associated AKI [252]. These results indicate that
raising MAP targets during CPB might reduce the frequency of postoperative AKI.
Preoperative pulse pressure has been identified previously as a risk factor for AKI after cardiac
surgery with CPB. Elevated pulse pressure indicates central vascular stiffness, which may lead
to arteriolar narrowing that necessitates higher blood pressure for renal perfusion during
surgery. Consensus among pediatric anesthetists regarding the definition of intraoperative
hypotension is still lacking [253, 254] and a specific arterial pressure targets for titration of
therapy to avoid renal hypoperfusion are not known.

Diuretics

The physiological rationale for using diuretics in AKI begins with maintaining urine
flow. In theory, urine flow flushes out debris, including denuded epithelium, and avoids tubular
obstruction and back leak of glomerular filtrate into the renal interstitium, which further
perpetuates renal injury. Furthermore, given that some studies have shown that oliguric AKI
carries a worse prognosis than nonoliguric AKI many clinicians treat oliguria with diuretics
[255]. This line of reasoning has led to the idea that maintaining an enhanced urinary flow in
the setting of a renal insult is desirable. Loop diuretics also decrease the metabolic demand of
the renal tubular cells and reduce their oxygen consumption. [256]. Thus, these diuretic effects
may theoretically protect the renal tubular cells from ischemia. Loop diuretics also reduce renal
vascular resistance and may, therefore, increase renal blood flow (RBF), possibly by the
inhibition of prostaglandin dehydrogenase [257]. This inhibition leads to decreased degradation
of PGE2, a potent renal vasodilator, which subsequently contributes to the increased RBF. All
the above theoretical advantages of loop diuretics, along with the prospect of easier
management of fluid and electrolyte balance in patients with AKI, have led to the widespread
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use of these drugs. Moreover, if AKI results in oliguria, diuretics are used to manage volume
overload. Much of the controversy surrounding the use of diuretics in AKI stems from the
conflict regarding the following two goals: prevention of renal injury and management of
volume overload.

Loop diuretics
Loop diuretics (LD's) are frequently administered to critically ill children to manage the
high fluid load that is prescribed daily and to control fluid balance. LD pharmacologic action is
exerted at the thick ascending limb of Henle loop by reversibly blocking one of the chloridebinding sites of the Na+/K+/2 Cl− carrier. Consequently, reabsorption of filtered sodium is
inhibited. Furosemide has also been shown to block the tubuloglomerular feedback response
[258]. There are three determinants of diuretic response to furosemide: the urinary
concentrations of furosemide; the time of delivery of furosemide to the site of action; and the
dynamics of the response at the site of action [259]. This intense natriuresis promotes an
increased diuresis [260]. In Pediatric Intensive Care, LDs are routinely administered by either
intermittent or continuous intravenous infusions [261]. LDs are the mainstay of therapy in
children with congenital heart disease (CHD), particularly in the near-postoperative phase: they
are essential for the management of fluid loading and the leak syndrome occurring after
cardiopulmonary bypass (CPB) and of the high fluid administration needed for postoperative
therapies and nutrition [262]. Therefore, diuretics are recommended for management of fluid
overload in adults and children [224]. Furthermore, in patients with cardiac dysfunction, LDs
are needed both for left ventricular failure (to decrease hypervolemia, ventricular filling
pressures, and pulmonary congestion) and right ventricular failure (to control fluid
accumulation and systemic venous congestion, both of which are causes of renal and splanchnic
organ dysfunction) [263]. The presence of well-known side effects, however, including
metabolic alkalosis, the risk of neurohormonal activation, systemic vasoconstriction, electrolyte
disturbances, impairment of renal function, and perhaps, worse clinical outcomes, may lead to
arguments against an aggressive diuretic approach in these patients [264]. It was previously
shown that continuous infusion of furosemide causes a gradual increase in urine output (UO)
that is significantly superior, in terms of total daily diuresis, to the unpredictable urine volume
secondary to intermittent boluses [265]. Current guidelines recommend using the minimum
dose of LD required to keep the patient free of signs and symptoms of congestion [266].
Although the once-daily use of furosemide might be convenient for some patients, it is not
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optimal from a pharmacodynamics perspective, since daily dosing results in a long period of
sodium avidity by the kidney when therapeutic diuretic concentrations are not present. More
frequent furosemide dosing serves to limit this “rebound” effect [267]. Furosemide has been
the most widely studied loop diuretic regarding administration via continuous infusion in
children [268]. Authors suggested that continuous high-dose intravenous furosemide was well
tolerated, safe, and effective in reducing volume overload in hemodynamically unstable infants
after CPB surgery. This method has proven beneficial in patients with a diuretic resistance or
tolerance to conventional intermittent therapy [269]. Several potential advantages of continuous
infusion LD have been identified, including decreased electrolyte loss secondary to a lower
dosage of diuretic, production of a more reliable urine flow, and decreased alterations in fluid
balance [265, 270] Despite the wide use of furosemide and the fact that continuous infusion
intuitively seems superior to bolus injections, evidence on this topic is still lacking. Metaanalysis showed that continuous infusion and bolus administration were associated with similar
amounts of administered furosemide [271]. Hager et al. compared low dose furosemide (1
mg/h) with placebo in 121 patients admitted to the ICU after major surgery [272]. This study
demonstrated that there was no difference in postoperative serum creatinine or creatinine
clearance. The most convincing study of Lassnig et al. was performed in 126 cardiac surgery
patients, randomized to receive either furosemide (0.5µg/kg/min), dopamine, or placebo, which
were started at anesthesia induction. Compared with placebo, furosemide resulted not only in a
significantly higher urine output but also in a more pronounced postoperative increase of serum
creatinine [273]. The authors concluded that furosemide was “detrimental” and that its use was
not superior to placebo (isotonic saline) for protection against renal dysfunction after cardiac
surgery. However, despite this common use, there are no data to establish that loop diuretics
have a beneficial effect on renal function. Radiocontrast administration is a leading cause of
acute changes in renal function in hospitalized patients [274]. Nevertheless, the pathogenesis
of AKI in this setting is not completely understood. The postprocedural increase in serum
creatinine was either not significantly different or more pronounced in the groups receiving
furosemide. In addition, the incidence of contrast nephropathy, defined as an increase in serum
creatinine ≥ 44.2 μmol/L, was higher in the furosemide group [274]. A meta-analysis by Kelly
et al. in which randomized trials were reviewed, revealed that furosemide, mannitol, and the
combination of furosemide, dopamine, and mannitol increased the risk of contrast nephropathy
[277]. A recent meta-analysis by Ho and Power also concluded that preventive furosemide
administration does not improve the risk of RRT or mortality [278]. Based on these results, the
recent KDIGO guidelines recommended not using furosemide to prevent AKI (grade 1B) [224].
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KDIGO guidelines declare that diuretics should not be used to treat AKI, except for the
management of volume overload (grade 2C). Recently, Chawla et al. created and validated a
standardized approach to using furosemide to assess the likelihood of progressing to more
advanced AKI [278]. They gave AKI patients 1 mg/kg of furosemide IV, or 1.5 mg/kg if the
patient had received loop diuretics in the previous 7 days. They replaced all urine output mL
for mL with isotonic crystalloids to prevent hypovolemia. Retrospectively it was clear that
patients who had progressive AKI had a much poorer response to the furosemide stress test
(FST) A urine output of over 200 mL in the second hour after the FST indicated a lack of
progression, with an AUC of 0.87. Sensitivity was 97.1% and specificity was 84.1%. Koyner
et al. used frozen specimens to see if the addition of biomarkers added additional information.
They found that the FST outperformed NGAL, IL-18, KIM-1, IGFBP-7+TIMP-2, urine
creatinine, and FENa [280].

Thiazide diuretics

Thiazide diuretics inhibit reabsorption of sodium in the distal renal tubules, thus
increasing urinary excretion of sodium, water, potassium, and hydrogen ions. In adults with
heart failure and hypertension, thiazides have been shown to reduce morbidity and mortality
[281]. Although thiazides can be used as monotherapy, they are frequently used in combination
with loop diuretics to enhance urine output in the setting of loop diuretic resistance. This
combination strategy is well established in the adult heart failure population and has been shown
to significantly augment urine output, relieve volume overload, and improve clinical heart
failure symptoms. Hypotension, worsening renal function, and electrolyte derangements remain
potential drawbacks of this combination approach [282]. In practice, many clinicians routinely
administer thiazide and loop diuretics in close temporal proximity to maximize the desired
synergistic diuretic effect.
Most of pediatric data related to the use of thiazides in children stem from investigations
in preterm infants with bronchopulmonary dysplasia [283]. In addition, given the effect of
thiazide diuretics in enhancing calcium reabsorption, these diuretics are used frequently in the
setting of inherited forms of hypercalciuria in children [284]. Rigorous studies investigating the
effectiveness of thiazide diuretics alone or in combination in the pediatric cardiac population
do not exist, in addition to electrolyte derangements, long-term therapy with thiazides in
children is associated with hyperglycemia and hyperlipidemia [285].
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Spironolactone

Spironolactone is a synthetic steroid, which acts as a competitive antagonist at the
aldosterone receptor in the distal renal tubule. Aldosterone is secreted by the adrenal gland with
the purpose of preserving intravascular volume. Aldosterone acts by increasing the reabsorption
of sodium in exchange for potassium and hydrogen ions. Inhibition of this activity by
spironolactone permits excretion of sodium and spares the loss of potassium [261]. Given that
it is a relatively weak independent diuretic, in the intensive care setting, spironolactone is a
frequent adjunct to diuretic regimens to prevent or treat hypokalemia and thus reduce the need
for potassium replacements.
However, data to support the efficacy of this practice are lacking. Spironolactone has a
central role in the chronic management of adult and pediatric heart failure. Large adult trials
have demonstrated improved survival in heart failure patients and those with ventricular
dysfunction following myocardial infarction [286]. Selective aldosterone blockade is thought
to have beneficial effects in preventing myocardial fibrosis, and spironolactone is proposed to
have additional beneficial effects on endothelial function via nitric oxide-mediated pathways
[286]. Aldosterone also seems to play a key role in mediating endothelial cell dysfunction and
fibrosis in patients with pulmonary hypertension. Spironolactone has demonstrated a promising
effect in improving exercise tolerance and clinical symptoms in this patient population [287].
This interaction with endothelial cell function has been suggested as a possible mechanistic
explanation for spironolactone’s occasional efficacy in treating single-ventricle patients
following Fontan procedure with protein losing enteropathy [287]. Although frequently used
for its potassium-sparing effects, hyperkalemia remains a potential and life-threatening adverse
effect of spironolactone, which requires close laboratory monitoring. Patients with impaired
renal function and those receiving potassium chloride supplementation, ACE inhibitors, or
NSAIDs are at higher risk.

Aminophylline
The use of aminophylline for renal protection from acute kidney injury is not novel. In
fact, it is the only drug recommended for treating AKI in the Kidney Disease: Improving Global
Outcomes guidelines [201], a recommendation limited to asphyxiated neonates, because of
several clinical trials demonstrating benefits [288]. The efficacy of aminophylline for renal
protection has been reported in patients receiving chemotherapy [289] and contrast-induced
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AKI [290], in animal models of kidney transplantation, and in the vasomotor nephropathy of
very pre-term newborns [291]. Cattarelli et al. randomized 50 preterm neonates with respiratory
distress to receive 3 days of theophylline therapy versus placebo; patients receiving
theophylline had higher urine output, a lower incidence of oligoanuria, and lower serum
creatinine at 24 hours [291] However, its use in critically ill infants and children is not well
described. Lynch et al. reported a retrospective case series of 13 neonates with non-oliguric
AKI and described an improvement in renal function indices with aminophylline [292].
However, in that publication, urine outputs were not reported, and many of the subjects were
receiving concomitant caffeine, which shares similar properties of aminophylline. In a
relatively recent retrospective study of nine children with AKI, aminophylline use resulted in
improved urine flow rates, stable creatinine concentrations, and a reduced requirement for
dialysis [293]. Most of studies showing improved renal function with adenosine receptor
blockade were performed in neonates. Two RCTs of term neonates with birth asphyxia found
that theophylline improved glomerular function and creatinine clearance [294, 295];
additionally, Pretzlaff et al. and Jenik et al. found aminophylline use was associated with reduced
fluid overload [296, 297]. Mazkereth et al. studied the tubular effects of aminophylline in the
developing kidney of premature neonates [298]. The loading dose resulted in increased diuresis,
and analysis of urinary electrolytes suggested that tubular reabsorption is targeted. Similarly,
adenosine receptor blockade has shown benefit in older children with diverse causes of kidney
injury. In a prospective, observational study of 10 oliguric children in an ICU, theophylline
increased urine output from 1.58 to 3.75 mL/kg/hr [299]. However, in that report, there was no
data of blood urea nitrogen or creatinine concentrations, and the concomitant use of low dose
dopamine confounded the interpretation and the general applicability of the results. In a study
of 24 infants receiving ECMO support, theophylline in combination with furosemide resulted
in higher urine output, but no significant improvement in renal function or creatinine clearance
[300]. A prospective trial of 18 children with tacrolimus-induced nephrotoxicity resulted in
improved urine output, but it was not powered to detect an increase in creatinine clearance
[301]. Recent studies show that aminophylline therapy may be associated with significantly
improved renal excretory function and may augment urine output in children who experience
oliguric AKI after CPB assisted surgery [302, 303]. In the first comparative studies of
intraoperative use of aminophylline versus furosemide [304, 305], authors demonstrate that
intraoperative use of IV aminophylline at detection of oliguria during pediatric cardiac surgery
may decrease the need for postoperative RRT when compared with furosemide. There was
clearly no inferiority of aminophylline for renal outcomes at postoperative 48 hours when
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compared with furosemide. Patients receiving aminophylline had more urine output during the
first 8 hours postoperatively. At 48 hours, the incidence of AKI at different stages were similar
between the two groups. The urine output advantage of aminophylline was not maintained at
48 hours. In the regression models, intraoperative aminophylline use was a strong protective
factor for RRT and death models. Preserving kidney function and maintaining steady urine
output are important factors in the outcomes of these cardiac patients. Even though it is a less
potent diuretic compared to furosemide, aminophylline provided significantly more urine
output in the first 8 hours postoperatively. This may be due to improved GFR by attenuated
afferent arteriole vasoconstriction. This positive impact on urine output was not maintained at
48 hours because aminophylline peaks serum levels at 30 minutes after intravenous
administration, and its half-life is 3–30 hours depending on the age and prematurity of the
subject, heart and liver functions. Therefore, the serum levels were probably too low to maintain
the positive impact at 48 hours. This can be overcome by routinely using aminophylline during
the postoperative period to maintain adequate serum levels. There was no difference between
the intervention groups when compared at 48 hours for incidence of AKI stages,  serum
creatinine, or urine output. This may be due the dose or the administration of aminophylline.
The 5 mg/kg dose may not be enough to block the released adenosine and/or repeat dosing may
be needed. Patients may need continuous infusions and higher cumulative doses to counteract
the adenosine actions. Despite the lack of difference of AKI incidence for all three stages,
aminophylline was able to decrease the RRT-requiring AKI incidence. This is theoretically
expected because by blocking vasoconstriction of the renal vasculature, aminophylline not only
is expected to improve the GFR but also provide better flow at vasa recta and therefore prevent
ischemic injury to the tubules. This may prevent acute tubular necrosis, tubular sloughing, and
later blocking of the renal tubules, which could lead to protracted renal failure requiring RRT.
Although each of these studies supports a beneficial effect of aminophylline in renal injury, all
have significant limitations. The purported renal benefits of aminophylline have been attributed
to two mechanisms: adenosine receptor blockade at low dosage and type IV phosphodiesterase
inhibition at high levels. Adenosine is the putative mediator of tubuloglomerular feedback
[306]. When the tubule is exposed to increased solute, energy depletion occurs, and adenosine
is released. The released adenosine triggers preglomerular vasoconstriction thereby limiting
solute flow and, in theory, restoring energy balance. In addition to adenosine receptor blockade,
aminophylline-induced phosphodiesterase inhibition may prevent the hydrolysis of cAMP,
which is important in the mediation of renal blood flow as it promotes renal vasodilatation
[307]. Both mechanisms likely contribute to the improved renal blood flow attributed to
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aminophylline. It is well demonstrated that RRT requirement is a major morbidity and mortality
factor, prolonging duration of hospital stay [308]. This further suggests that the milder renal
insults (either due to simpler cardiac defects or better tolerated surgeries) may be mainly due to
renal vasoconstriction, rather than acute tubular injury [309]. Aminophylline and theophylline
have abundant systemic effects, and it can be argued that the observed beneficial effects may
be irrelevant to renal adenosine blockade. Several animal studies have demonstrated that IV
aminophylline lowers the systemic blood pressure with no change in cardiac output while
improving the GFR [310].

Vaptans

Hyponatremia is a common complication in patients with heart failure and has been
associated with adverse outcomes. The etiology is multifactorial and may include free water
overload, elevated plasma arginine vasopressin levels, conventional diuretic use, and renal
dysfunction. The vaptans (tolvaptan and conivaptan) are arginine vasopressin antagonists that
have been developed to increase free water output and serum sodium levels in patients with
euvolemic and hypervolemic hyponatremia. Thus, vaptans have been named “aquaretics.”
Tolvaptan blocks the binding of arginine vasopressin at the V2 receptors in the distal portions
of the nephron, resulting in excretion water without the depletion of electrolytes. Randomized
trials in adults have found that tolvaptan effectively normalizes hyponatremia, improves
symptoms of congestion, and has modest beneficial hemodynamic effects but does not reduce
mortality or rehospitalization rates [311. Experience with vaptans is limited in children. In a
single-center, retrospective, uncontrolled study in 28 pediatric heart failure patients hospitalized
with heart failure, treatment with tolvaptan was associated with increased serum sodium levels
and greater urine output [312]. More data are needed to determine the safety and efficacy of
vaptans in pediatric cardiac patients.

Renal replacement therapy
The selection of renal replacement modality will often reflect the experience and
expertise of the individual center, rather than an objective criterion in the individual patient.
Modality choice is also determined by a variety of factors, including provider preference,
available institutional resources, dialytic goals and the specific advantages or disadvantages of
each modality. As noted below, each modality of acute RPRT can be successfully provided to
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pediatric patients of all sizes. Each program should evaluate which modality is provided most
optimally and feasibly in its setting.

Selection of RRT modality

Specific indications for RRT typically include the need for ultrafiltration (i.e. fluid
removal), either for symptomatic volume overload, or to make space for nutrition, medications,
and blood product support and/or solute removal (i.e. urea, potassium), either for uremia or for
removal of a dialyzable toxin. The rapid removal of solute (urea) and correction of electrolyte
abnormalities (particularly elevated levels of potassium) are of extreme importance in the
setting of AKI. While peritoneal dialysis (PD), intermittent hemodialysis (IHD) and continuous
RRT (CRRT) can rapidly correct hyperkalemia and uremia, IHD and CRRT provide greater
clearance of higher molecular weight solutes than PD. The rapidity of solute generation and its
urgency for removal, as in tumor lysis syndrome, inborn errors of metabolism,
hyperammonemia, symptomatic hyperkalemia, or ingestion of dialyzable toxins, require IHD
or CRRT rather than PD, whereas mild uremia can be treated with any of the modalities. Mild
volume overload can be treated with any modality. For example, a hemodynamically unstable
patient with overwhelming sepsis, fluid overload, respiratory compromise, vasopressor
requirements and renal involvement may necessitate initiation of CRRT for close fluid status
control, whereas a postoperative cardiac patient with minimal fluid overload and hemodynamic
instability may be better served by PD.

Intracorporeal techniques

From a technical aspect, PD can be relatively quickly and safely obtained, even in
hemodynamically unstable patients and those with a coagulopathy. PD is superior in its
requirement for less clinical expertise, fewer equipment resources, and cost. Given their small
size and associated low blood volume, PD may provide the least technically challenging option
for infants and small children. Access in the form of classically surgically placed Tenckhoff
catheters, or short-term PD or adapted PD catheters placed at the bedside percutaneously in
patients unable to tolerate surgical placement, allow the rapid institution of therapy. PD has
limitations for certain populations. Those with pulmonary compromise may have a worsening
of their symptoms due to increased abdominal dialysate volumes, thereby preventing full
diaphragmatic excursion. Patients with ventriculoperitoneal shunts or prune belly syndrome
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have been successfully dialyzed with PD but do present increased potential complications.
Finally, patients that have undergone abdominal surgery may not be amenable to utilizing this
therapy, and, in patients with diaphragmatic defects, the use of PD is contraindicated. The
process of PD itself can cause significant losses in immunoglobulins, increasing the risk of
infections in these patients. Peritonitis can lead to further increased dialysate protein loss,
nutritional compromise, loss of ultrafiltration capacity, and permanent damage to the peritoneal
membrane. Mechanical complications associated with PD include leaks, hernias and catheter
obstruction. Dialysate leakage may occur around the catheter or into the pleural space, resulting
in hydrothorax. Drainage problems seen with PD are typically caused from catheter
malfunctions in the form of omentum and fibrin clot obstructions. The potential for
complications from infections must not be overlooked, and the clinician must vigilant to the
possibility of peritonitis, particularly fungal peritonitis. Although an automated cycler provides
a precise measurement of ultrafiltration, manual exchanges are inexpensive and technically
simple and can provide an efficient form of dialysis if automated machine is not available or if
the infant is so small that the starting exchange volume is below the minimum permitted by the
cycler. However, warming of dialysate is difficult without the use of an automatic cycler. The
dialysis prescriptiption should be adjusted according to the patient’s needs. Basic principles
include the use of frequent, continuous exchanges, with low volumes of dialysate. Exchanges
with volumes as low as 10–20 mL/kg body weight (300–600 mL/m2) not only help prevent
dialysate leakage and respiratory complications from compression of the lungs, but also have
been shown to provide adequate ultrafiltration rates in critically ill children [313].

Extracorporeal techniques

Recent advances in technology and safety of RRT have changed the practice of pediatric
nephrologists significantly in the last three decades. In 1990 only 41% offered extracorporeal
RRT modalities to infants younger than 1 month. Technological advances aimed at providing
accurate ultrafiltration with volumetric control incorporated into CRRT equipment, and
disposable lines, circuits, and dialyzers sized for the entire pediatric weight spectrum have made
CRRT safer and feasible for children of all ages and sizes [314, 315].
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IHD (Intermittent hemodialysis)

IHD requires technical expertise on the part of the physician, nurse and technician for
optimal support for the wide range of pediatric patients, and, typically, it is available in larger
secondary and tertiary care hospitals. Vascular access is essential and most important
component contributing to the satisfactory provision of this therapy. Shortness and large
diameter of the cannulas were critical to achieve a good blood flow while avoiding unnecessary
pressure loss. Flexibility without any reduction of the inner lumen of the cannula and good
clinical tolerance were two other important features of the vascular access. Several vascular
access routes have been utilized in infants in the early 1980s, including umbilical vessels and
brachial artery or femoral artery cannulation (with surgical isolation of the artery). Flexible
Teflon cannulas (18–20 gauge), 20–25 mm long was generally employed. Mean arterial
pressure in the newborn generally ranged from 35 to 50 mmHg, resulting in blood flows ranging
from 15 to 40 mL/min. Cannulation of the brachial or femoral artery in infants led in some cases
to distal hypoperfusion of the arm and had to be replaced. The jugular or subclavian veins were
the most common route for venous return, while femoral veins were avoided, if possible. In
neonates the use of umbilical veins is an important consideration for vascular access. Utilization
of neck veins, although limited by anatomy, may be preferable, especially in infants weighing
less than 5 kg. Such access may allow for less recirculation and avoid the potential high venous
return pressures often associated with groin lines in patients with high intra-abdominal
pressures. While difficult in the smallest infants, it is possible. A wide variety of temporary
vascular catheters are available for the pediatric population. Placement of temporary or
permanent vascular catheters for IHD can result in blood vessel stenosis or thrombosis, along
with air emboli or hemorrhage. Depending on location or degree of difficulty involved in the
placement of short-term or permanent vascular catheters, future access needs may be
compromised. This issue becomes of great importance for patients requiring long term access
that progress from acute to chronic kidney injury. If possible, subclavian catheter placement
should be avoided altogether, due to the very high incidence of stenosis at the puncture site,
which may render the formation of a fistula impossible in the future. IHD can be utilized without
anticoagulation and does not require the extra central line placement often needed.
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CRRT (Continous renal replacement therapy)
As with IHD, adequate vascular access is required for CRRT. This technical aspect is
the most important consideration contributing to the effectiveness of the therapy. Depending
on the type of anticoagulation used, an additional central line may be required, as with regional
citrate anticoagulation. Historically, arteriovenous circuits were utilized; however, these have
given way to commercially available veno-venous therapies, which are pump driven and
provide more predictable blood flow and, therefore, solute and ultrafiltration rates. The large
extracorporeal volume required for CRRT and IHD (particularly in neonates) is a distinct
disadvantage, necessitating blood priming in patients weighing less than 10 kg. In these settings,
extracorporeal blood volume exceeds 10% of the patient’s blood volume. This exposes the
patient to obvious risks associated with blood products and hemodynamic instability related to
the flow of blood out of the body. Patients with multiple organ failure and hemodynamic
instability may not tolerate the rapid circulation of blood through a CRRT circuit, regardless of
the patient’s size [316]. Additionally, depending on the types of hemofilters utilized,
hemodynamic instability may be observed with CRRT due to bradykinin reactions, activation
of complement-coagulation cascade-monocytes, neutrophil degranulation and/or the release of
reactive oxygen species [317]. Some of the more significant technical disadvantages of CRRT
include the requirement for continuous anticoagulation and the clotting of circuits [318]. While
many easy anticoagulation protocols are available, anticoagulation comes with its own set of
complications. The predictability and efficiency of ultrafiltration and solute removal make
CRRT ideally suited for the provision of RRT in hemodynamically unstable patients.
A particular advantage afforded by CRRT (and IHD) is the ability for ultrafiltration to be
separated from solute removal, which allows more flexibility for prescriptions to be adapted to
the patient’s needs. Minimal requirements for fluid restriction, due to predictable and continual
fluid removal while CRRT is being performed, allow improved and adequate nutritional
delivery. The need for supplemental protein (as high as 3–4 gm/kg per day) during CRRT must
not be underestimated when this therapy is being used, as the sieving coefficients of most
aminoacids are close to 1, and, therefore, clearance is quite high and can result in a nutritional
deficit [319]. In the setting of AKI, CRRT can rapidly and predictably restore homeostasis.
Indeed, CRRT provides superior uremia control compared to PD or even intermittent daily
hemodialysis [320]. Alteration of dialysate or filter replacement fluid is possible and can allow
the clinician to control electrolyte levels within a desired target range; this is particularly
important in the setting of increased intracranial pressure, when higher sodium levels may be
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required or when hyperosmolar states need to be corrected [321]. Due to potential compounding
errors, caution needs to be exercised when these alterations are being made, and they should be
done under careful guidance of the clinician and pharmacist [322]. CRRT during AKI may have
the additional benefit of restoring immune-homeostasis via removal of both proinflammatory
and anti-inflammatory molecules [323]. This remains an area of active ongoing research.
New possibilities for newborns and infants, requiring RRT arise after introduction of
miniaturized RRT machine CARPEDIEM with low priming volume of the circuit (< 30mL),
miniaturized roller pumps, and accurate ultrafiltration control via calibrated scales with a
precision of 1 g [324]. Authors describe the successful use of machine for a 2.9-kg neonate with
hemorrhagic shock, multiple organ dysfunction, and severe fluid overload for more than 400 h
was treated with the CARPEDIEM, using continuous veno-venous hemofiltration, single-pass
albumin dialysis, blood exchange, and plasma exchange. Other device, the NIDUS is an HD
circuit with a capability of treating babies weighing between 800 g and 8 kg [325]. The
extracorporeal circuit volume < 10mL, and thus even in the smallest of babies, no blood prime
is required. The most innovative feature of the NIDUS is the uncoupling of blood flow through
the dialyzer from the baby’s blood flow. A prescribed volume of blood is removed from the
patient and then passes twice through a high flux polysulfide 0.045 m2 hollow-fiber haemofilter
to allow dialysis and UF and is then returned to the baby; the cycle is repeated. This strategy
also makes it possible to dialyze infants through a single-lumen catheter without excessive
recirculation. The UF capability of the circuit is 0–60 mL/h, and UF accuracy matches that of
the CARPEDIEM.
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2.-MATERIAL AND METHODS
2.1 Setting
The study was conducted in the Clinics of Anesthesiology and Intensive Care and
Cardiology and Cardiac Surgery at the University Children’s Clinical Hospital.
RACHS-1 consensus-based scoring system to categorize the complexity of surgery
[326] was applied. This method of risk stratification has emerged as a widely accepted tool for
the evaluation of differences in outcomes of surgery for congenital heart disease.

2.2-Inclusion and exclusion criteria

Fig.2.1 Patient flow diagram

Children undergoing elective CPB for surgical correction or palliation of congenital
heart lesions between January 2011 and June 2015 were prospectively enrolled (Fig. 2.1).
Exclusion criteria included preexisting renal dysfunction. Renal insufficiency was defined as a
SCr level that was greater than the 90th percentile for the child’s age and gender. Patients with
a history of potential nephrotoxin use during the preoperative day were excluded because of
potential confounding effects on urinary NGAL measurements.
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2.3 Ethical statement

This prospective nonrandomized observational study, without any specific
intervention, was reviewed and approved by University Children’s Hospital Ethics board and
all data were anonymously processed.
2.4-Study design

This was a prospective, non-randomized observational cohort study. All kidney injury
markers were taken at baseline, then 12, 24 and 48 hours after completion of surgical repair
(Fig. 2.2). Other variables (CPB time, lowest body temperature, aortic cross-clamp time, urine
output, duration of intraoperative hypotension, doses of diuretics, VIS calculation, fluid
balance, lengths of hospital stay (LOS), lengths of stay in the ICU, duration of mechanical
ventilation were retrieved from the Clinical Information system Intelly View Clinical
Information Portfolio®, (Philps).

Fig.2.2 Study design

2.5 Sample collection and processing

Creatinine concentrations were measured in the hospital’s clinical chemical laboratory
Jaffes method on a Cobas 8000 analyzer. SCys C was analized using particle-enhanced
turbidimetric immunoassay (PETIA) for the quantitative determination, using COBAS C 501
analyzer.
Serial urine samples from 93 children undergoing CPB were assayed for uNGAL using
the latest uNGAL chemiluminescent microparticle immunoassay developed for a standardized
clinical platform (ARCHITECT analyzer, Abbott Diagnostics Division, Abbott Laboratories,
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Abbott Park, IL, USA) in the Laboratory of Renal Transplants Centre, Stradin’s Clinical
University Hospital. Urine samples were collected using a bladder catheter.
All samples were obtained at at the following time points: (1) preoperative; (2) 12 hours
after the surgical repair, (3) 24 hours after the second probe (4) 24 hours after the third probe.
Urine samples were left refrigerated for sedimentation for 2 to 3 hours, aliquoted and stored
within twelve hours after collection at −80ºC until the assay.
The primary outcome variable was the development of AKI.

AKI was defined

according the KDIGO classification and staging system based on urine output and SCr level:
Stage I was SCr 1.5–1.9 times baseline ≥ 26.5 μmol/L increase or UO < 0.5 mL/kg/h for
6–12 hours, stage II was SCr 2–2.9 times baseline and UO < 0.5 mL/kg/h for ≥12 hours , stage
III was SCr 3 times baseline or ≥354 μmol/L and/or UO < 0.3 mL/kg/h for ≥24 hours OR
anuria for ≥12 hours [327].
Recorded variables included age, gender, CPB time, lowest temperature during CPB
and urine output, doses of diuretics, inotropes and vasopressors, postoperative fluid balance.
Outcome variables included percent change in serum creatinine, days in AKI, dialysis
requirement, duration of MV, lengths of stay in ICU and hospital LOS.

2.6 Anesthesia management

Induction to anesthesia was provided using inhalation of Sevoflurane by face mask or
intravenously by Propofol or Midazolam in combination with Ketamine. Anesthesia was
maintained at (0.8–1.0 minimal alveolar concentration) of sevoflurane and fentanyl
(3–5 μg kg/h) using Primus anesthesia machine (Drãger Medical, Lübeck, Germany). Muscle
relaxation was achieved with pipecuronium (0.6 mg/kg). During CPB, isoflurane was applied
via the CPB circuit. All patients were ventilated in a volume-controlled mode; with a tidal
volume of 6 mL/kg and respiratory rate adjusted to achieve normocapnia. The heart-lung
machine SORIN S 5 (LivaNova, United Kingdom) with a membrane oxygenator Affinity Pixie®
Oxygenatior (Medrtronics, USA) for neonates, infants and small children requiring
cardiopulmonary bypass at flow rates up to 2.0 L/min. was used. For older patients Terumo,
Medtronic C oxygenator with CPB circuit was used. Surgical procedures were performed with
CPB in moderate hypothermia. Cardioplegic arrest was achieved by cold blood cardioplegia
and repeated every 20 minutes. Nonpulsatile perfusion was performed during CPB. Pump flow,
oxygen flow, and MAP were adjusted to maintain ScvO2 levels within the preoperative range
and at least higher than 50% absolute. In patients monitored with pulmonary artery catheter
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(PAC), hemodynamic therapy was titrated to achieve cardiac index > 2.2 L/min/m2 and mixed
venous oxygen saturation (Sv O2) greater than 65%.
Fluid therapy was performed with balanced crystalloid (Lactated Ringers solution,
Sterofundin VG, BBraun; Melsungen, Germany). Pump prime consisted of various amounts of
Ringer lactate and whole blood, depending on estimated blood volume, hematocrit, and total
priming volume used. Hypothermic myocardial protection was provided by core cooling at flow
rates of 150 to 200 mL/kg/ min. (2.0 to 3.0 kg) or 100 to 150 mL/kg/min. (3.0 to 5.0 kg) to
rectal and esophageal temperatures of ≤ 30 °C, followed by aortic cross clamping. Once optimal
hypothermic temperatures were reached, continuous low-flow cardiopulmonary bypass was
instituted during completion of intracardiac stage. Core rewarming was instituted during
completion of the intracardial stage. Mean perfusion pressures were maintained between 30
mm Hg and 70 mm Hg during rewarming. All patients were weaned from cardiopulmonary
bypass after the rectal temperature reached 35°C. Lactated Ringers, fresh whole blood, blood
products, and increased inotropic support were given as necessary to maintain normal filling
pressures and a systolic perfusion pressure of at least 60 mm Hg.

2.7 Evaluation of intraoperative hypotension

Blood pressure in all patients was measured by means of an intra-arterial (radial or
femoral) line (systolic, diastolic and mean) with Philips Vital signs monitor and stored
automatically every 5 minutes (300 sec. or 12 times during one hour) in the patient data
management system (Philips IntelliView Clinical Information Portfolio, ICIP). MAP data were
extracted from anesthesia charts and transfered to MS Excell spredsheets for further processing.
Then an average of all validated MAP recordings was calculated for each patient. Hypotension
was defined as a MAP < 15% less than averagee MAP value. Then all MAP recordings were
compared to average (except MAP recordings during CPB, when pulsatile blood flow was
absent). Ratio of hypotensive MAP recordings (MAP < 15% less than averagee MAP value) to
total MAP recordings was calculated and expressed as %. Artefacts (arterial cannulae flushing,
sensor calibration etc. were marked by operator.

68

Fig.2.3 Screenshot from anesthesia flowchart, generated by IntellyView Clinical
Information Portfolio® (Philips)
Systolic, distolic and mean arterial pressure recordings during anesthesia (indicated by arrow)

2.8-Fluid balance calculations

Intraoperative fluid intake was assessed by totaling the intravenous fluids, cardioplegia
volume, and pump volume (total volume added during cardiopulmonary bypass plus reservoir
volume at the start of cardiopulmonary bypass minus reservoir volume at the termination of
cardio-pulmonary bypass). Fluid balance calculations Intraoperative fluid output was the total
of urine produced on cardiopulmonary bypass, chest tube drainage before the patient left the
operating room, and estimated blood loss. Intraoperative net fluid balance was the difference
between fluid intake and output. Data for further processing were retrieved from anesthesia and
intensive care data management system flowsheets (Fig. 2.4). Similarly fluid balance was
calculated after the completion of surgical repair. Patient data were collected from day of
admission to Intensive care (denoted as POD-1).

2.9-Postoperative management

Analgesia and sedation were provided by a continuous fentanyl or morphine infusion,
typically 2–4 μg

kg−1 h−1 and Midazolam or Dexmedetomidine. Routine continuous

postoperative monitoring included the surface ECG, transcutaneous pulse oximetry, pulmonary
arterial and right and left atrial pressures (through transthoracic catheters), and systemic arterial
pressure. Inotropic, chronotropic, and afterload reducing agents were used as clinically
indicated.
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Fig. 2.4 Postoperative fluid balance
Screenshot
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attending cardiac surgeon and anesthesiologist based on individual patient characteristics,
including, residual lesions, transesophageal echocardiographic ﬁndings, and physiological
status. On arrival to the ICU, medications are adjusted by the bedside nurse under the direction
of the ICU team. Patients with hypotension typically receive norepinephrine and epinephrine
initially, Volume infusions (Plasma or 5% albumin) were given to maintain adequate filling
pressures with systolic perfusion pressures of at least 50 mm Hg. Diuretics (usually furosemide
1 to 2 mg/kg per dose, two to four times daily) were prescribed at the attending physician’s
discretion if a targeted fluid balance or urine output of > 0.5 mL/kg/hour could not be achieved.
Some patients received continuous infusion of Furosemide and Aminophilline.
During the study continuous fentanyl or morphine infusions were discontinued on the
first postoperative morning in the hemodynamically stable patient or continued for longer
periods as dictated by the clinical status of the patient. Mechanic ventilation was provided with
Viasys Avea ventilator (Cardinal Health, USA). at the mode suitable for specific cardiac lesion.
The rate of weaning of mechanical ventilation was determined by the patient’s fluid balance
and gas exchange as indicated by arterial blood sampling, pattern of breathing, and daily
radiographic findings.VIS score was calculated according the formula [328]:
VIS = 1 dopamine (µg/kg per minute) + 1 dobutamine (µg/kg per minute) + 10 milrinone
(µg/kg per minute) + 100 epinephrine (µg/kg per minute) + 100 norepinephrine (µg/kg per
minute) + 1000 vasopressin (expressed as U/kg per minute).
The initial mode of ventilation was pressure-regulated volume control in all patients.
Once the patient was breathing spontaneously and ready for weaning, the ventilator mode was
switched to pressure-controlled, synchronized, intermittent, mandatory ventilation.
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The criteria for extubation was protocolized, as follows: stable hemodynamic profile,
normal cardiac rhythm, adequate oxygenation on fraction of inspired oxygen < 0.4,
maintenance of a pH > 7.35, and PacCO2 < 45 mm Hg on continuous positive airway pressure
< 6 cm H2O with pressure support < 8 cm H2O for at least 1 h, the level of consciousness
consistent with adequate airway protective reflexes, absence of accessory respiratory muscle
recruitment, and approval by the attending intensivists. Corticosteroids were routinely
administrated 4 to 6 h before extubation. All patients were monitored with invasive arterial and
central blood pressure monitoring. In patients undergoing complex cardiac surgery left atrial or
pulmonary

artery

catheter

was

inserted

during

surgical

repair.

Transesophageal

echocardiography was performed in all valve surgery cases. Cerebral oxygen saturation (ScO2)
was determined in all patients with an INVOS 5100 monitor (Somanetics, Troy, USA). All
patients received routine standard of care during the study period which included the use of
dextrose-containing crystalloid solutions (Sterofundin HEG, Sterofundin BG, Sterofundin VG
(BBraun, Melsungen, 50–80 mL/kg/day) during the first 24–48 hours postoperatively, followed
by the initiation of enteral tube feeding.

2.10 Statistical methods

Unless indicated otherwise, continuous data are expressed as median values with
interquartile range (IQR) and discrete data as numbers with percentages (%). Patients were
grouped according to whether they lacked AKI or had AKI within 48 hours following CPB.
Clinical characteristics and biomarker levels were compared between AKI and non-AKI
patients using Student’s t test for normally distributed continuous variables, Mann-Whitney U
test was performed for non-normally distributed continuous variables and Pearson’s 2 or
Fisher’s exact test, (as appropriate) was performed on all categorical variables. Statistical
signiﬁcance was deﬁned as a probability value less than 0.05.
Univariate logistic analysis was performed to examine the relationship between multiple
clinical variables as well as the presence of AKI and clinical outcomes (ICU length of stay,
hospital length of stay, duration of mechanical ventilation, and in-hospital mortality). Variables
with a probability value less than 0.1 were then cast into a multivariate logistic regression
analysis. Odds ratio, CI, and probability values were calculated. All univariate and multivariate
logistic regression analyses were conducted for the entire cohort. Receiver operating
characteristics (ROC) curves were generated for the occurrence of AKI within 48 hours
following cardiopulmaonary bypass using biomarker levels at four different time points
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(baseline, 12 hours, 24 hours and 48 hours). The areas under the curve (AUC), with 95%
confidence intervals (95% CI), were calculated. Also, for each time point the optimal cut-of
value was calculated with corresponding sensitivity and specificity. Using those cut-of values,
sensitivity and specificity of both biomarkers for predicting AKI were calculated for patients
who developed AKI. Two-sided p = 0.05 was considered the limit of significance in all
analyses. Data were analyzed using IBM SPSS statistics version 21 (Statistical Package for the
Social Sciences, Chicago, IL).
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3.-RESULTS
3.1 Cochort characteristics

Majority from 93 included patients 54 (58%) were less than 12 months old, 6 patients
(6.45%) were less than 1 months old, 20 (21.51%) patients were between 1 and 6 months of
age; patients at age of 7 to 12 months were 28 (30.11%). Age group of 1 to 3 years represents
23 (24.73%) children.

Fig. 3.1 Age distribution of patients

Table 3.1
Age structure
Age group
Less than 1 month
1 < 6 months
7 < 12 months
1 < 3 years
3 < 7 years
7 years and older
Total:

No of pts

(%)

6
20
28
23
6
10
93

6.45
21.51
30.11
24.73
6.45
10.75
100.00

73

6.45% were patients between 3 to 7 years, 10.75% were older than 7 years, (Fig. 3.1,
Table 3.1).
Table 3.2
Demographic data
Variable
Age, months
Body weight (kg)
M/F ratio:

Median
10.0
7.6
35/58

IQR (Q1–Q3)
6.0–17
5.6–10

Range
0.2–180.0
2.6 – 60.0

Types of congenital heart lesions are summarized in Table 3.3:
Table 3.3
Types of surgical intervention
Surgical intervention
AVSD (atrioventricular septal defect) repair
Double outlet right ventricle (DORV)
Pulmonary stenosis repair
Tricuspid regurgitation repair
Unifocalization procedure
Aortic stenosis repair
VSD (ventricular septal defect) repair
Mitral valve plastics
TAPVD (total anomalous pulmonary vein
drainage)
TGA (transposition of great arteries)
TOF (tetralogy of Fallot)
Total:

No of pts
20
3
5
2
2
3
37
2

%
21.51
3.23
5.38
2.15
2.15
3.23
39.78
2.15

4

4.30

6
9
93

6.45
9.68
100.00

Postoperative AKI occurred in 42 (45.16%) from 93 children. 37 of them reached
severity stage I according the KDIGO classification and stating system, 3 reached stage II and
two reached stage III, based on SCr and (or) urine output criteria. Fig. 3.3 shows changes in %
from the baseline SCr concentration to maximum during 48 hours. It represents number of
patients for each AKI severity stage.

Fig. 3.2 Severity of AKI
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Fig. 3.3 Histogram of ΔSCr

Table 3.4 shows the characteristics in patients with and without postoperative AKI, as
asseded by univariated analysis. Those with AKI were younger (12.5 months in non-AKI group
versus 8.0 months in AKI group, p = 0.014) and having less body weight (7.0 kg versus 8.0 kg
in AKI group, p = 0.026). Male gender dominates in the AKI group 69.04% versus 56.86%, but
the difference was not statistically significant (p = 0.39). There was no difference in aortic
cross-clamp time, body temperature during cooling, urine output, and the proportion of patients
having cyanotic lesions. CPB time, diuretic doses, GFR, VIS and RACHS-1 scores differs
significantly in AKI and non-AKI groups (Table 3.4). Postoperative reduction of GFR differs
in AKI and non-AKI group: eClCr in non-AKI group was 106.48 (IQR 86.26–127.09)
mL/min/1.73 m2 versus 61.57 (IQR 44.91–89.85) mL/min/1.73 m2 in AKI group, p = 0.0001
(Table 3.4). Median doses of furosemide used for patients in AKI group was higher
(2.68 mg/kg/h) versus 1.63 mg/kg/h in non-AKI group, p = 0.024 (Table 3.4).
Number of patients having cyanotic lesions was 9 from 51 (17.64%) in non-AKI group
versus 14 from 42 (33.33%) in AKI group, but the difference was not statistically significant
(Table 3.4).
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Table 3.4
Characteristics of study cochort by AKI status
Variable (Median,
IQR)
Gender male
Age, months
Age < 12 months
Body weight, kg
Body weight < 8 kg
CPB time (min.)

All

Non-AKI

AKI

58/93 (62.36%)

29/51 (56.86)
12.50 (7.00–
25.75)
26/51 (50.98%)
8.00 (6.73–11.63)
23/51 (45.09%)
86.00 (30.00–
116.00)
90.00 (60.00–
120.00)
30.45 (26.18–
32.00)

29/42 (69.04%)

30/42 (71.42%)
7.00 (4.28–8.33)
29/42 (69.04%)
166.00 (146.60–
231.50)
107.00 (81.75–
128.75)
30.00 (27.63–
31.50)

2.26 (1.57–2.92)

1.90 (0.98–2.47)

0.083*

2 (2–3)
18/51 (35.29%)
5 (5–6)
9/51 (17.64%)

3 (2–3)
26/42 (61.90%)
7 (6–10)
14/42 (33.33%)

0.0098*
0.0129#
0.0098*
0.15#

1.63 (1.02–3.11)

2.68 (1.84–4.85)

0.024*

106.48 (86.26–
127.09)

61.57 (44.91–
89.85)

0.0001*

10.00 (6.00–17.00)
52/93 (55.91%)
7.60 (5.60–10.00)
52/93 (55.91%)
156.00 (58.00–560.00)

Aortic cross99.00 (64.75–126.50)
clamping time (min.)
Lowest body
30.00 (28.00–31.92)
temperature (C°)
Urine output
2.28 (1.28–2.82)
(mL/kg/h)
RACHS-1 category
3 (2–3)
44/93
(25.80%)
RACHS-1 category 3
VIS score
6 (5–7)
Cyanotic lesions (%)
23/93 (24.73%)
Dose of furosemide
2.04 (1.02–3.11)
(mg/kg/day)
Postoperative eClCr
82.48 (50.37–106.48)
mL/min/1.73 m2
#
Fisher's exact test * Mann-Whitney U Test

8.0(3.00–13.00)

P
0.39#
0.0014*
0.056#
0.026*
0.023#
0.0024*
0.44*
0.303*

3.2.-Biomarker expression
Concentration of SCys C rise at 12 hours from surgery from 0.86 mg/L (0.73–0.92) to
1.06 mg/L (0.83–1.37) in AKI group. In the non-AKI group SCys C incteases to 0.82 mg/L.
(0.68–0.98). Maximum expression of SCys C was observed at 24 hours after the surgery. In the
AKI group SCys C level was 1.31 mg/L (1.06–1.48) versus 0.77 mg/L (0.63–1.06) in non-AKI
group. The rise from the baseline value was statistically significant (p = 0.003). Then, after 48
hours biomarker level returns to baseline (Fig. 3.4, Table 3.5).
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Figure 3.4 Postoperative dynamics of SCys C
Serum Cystatin C (sCysC) concentrations measured at intervals at baseline and at 12, 24, and 48 hr after CPB in
patients with (continuous line) or without (dashed line) acute kidney injury (AKI). Median and interquartile
range (IQR) are presented.

Concentration of uNGAL has the maximum expression at 12 hours after surgery. It rises
from 7.05 ng/mL (2.7–12.13) to 132.85 ng/mL (60.78–257.23), reching a peak level of 1680
ng/mL in AKI group. In the probe taken at 24 hours expression of uNGAL gradually decreases
to 36.60 ng/mL in AKI group and 13.40 ng/mL in non-AKI group. At 48 hours uNGAL level
returns to baseline: 7.40 ng/mL (4.00–23.20) in AKI group and 4.80 ng/mL (2.20–15.00) in
non-AKI group (Fig. 3.5, Table 3.5).

Figure 3.5 Postoperative dynamics of uNGAL
Urine neutrophil gelatinase-associated lipocalin (uNGAL) concentrations measured at intervals at baseline and at
12, 24, and 48 hr after CPB in patients with (continuous line) or without (dashed line) acute kidney injury (AKI).
Median and interquartile range (IQR) are presented.
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Table 3.5
Dynamics of periostoperative expression of SCys C and uNGAL
Category

AKI

NonAKI

AKI

Non-AKI

Variable
SCys C
(mg/L)
Median
(Q1–Q3)
[Range]
SCys C
(mg/L)
Median
(Q1–Q3)
[Range]
uNGAL
ng/mL
Median
(Q1–Q3)
[Range]
uNGAL
ng/mL
Median
(Q1–Q3)
[Range]

Baseline

12H

24H

48H

0.86 (0.73–0.92)
[0.57–1.20]

1.06 (0.83–1.37)
[0.60–2.44]

1.31 (1.06–1.48)
[0.69–2.95]

0.87 (0.78–1.10)
[0.59–1.92]

0.79 (0.72–0.89)
[0.55–0.99]

0.82 (0.68–0.98)
[0.48–1.98]

0.77 (0.63–1.06)
[0.45–1.65]

0.69 (0.66–0.82)
[0.47–1.61]

7.05 (2.7–12.13)
[0.6–49.26]

132.85
(60.78–257.23)
[8.70–1680]

36.60 (7.3–74.68) 7.40 (4.00–23.20)
[1.30–980.001]
[0.4–863.00]

5.35 (2.25–7.75)
[0.40–62.25]

22.90
(12.3–75.65)
[1.20–451.00]

13.40 (6.73–19.6) 4.80 (2.20–15.00)
[1.20–203.90]
[0–124.50]

3.3.-Sensitivity and specificity of various biomarkers
ROC analysis of uNGAL showed the best discriminative ability at 12 hours: AUC of
0.911, sensitivity of 88%, specificity of 92%, CI 95% 0.852–0.971 and cut-off value of 70,
p < 0.001. (Table 3.6, Fig. 3.6) ROC analysis of SCys C showed best performance at 24 hours:
AUC of 0.843, sensitivity of 81%, specitify of 72%, CI 95% 0.843–0.926, p < 0.001 (Table 3.6,
Fig. 3.7) ROC analysis of postoperative fluid balance on postoperative day 1 (FB POD–1)
showed AUC of 0.842 CI 95% CI 0.838–0.926, cut-off value of 25, p < 0.001 (Table 3.6,
Fig. 3.8). ROC analysis of intraoperative hypotension (MAP < 15% average MAP) showed low
sensitivity and specificity: AUC of 0.591, sensitivity 53%, specificity 65%, CI 95% 0.452–
0.741, p = 0.12 (Table 3.6, Fig. 3.9).
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Fig. 3.6 ROC curve of uNGAL at
different time points

Fig. 3.8 ROC curve of FB POD-1 in AKI
and non-AKI patients

Fig. 3.7 ROC curve of SCys C
at different time points

Fig. 3.9 ROC curve of MAP<15% from
average MAP in AKI and non-AKI
patients
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Table 3.6
Sensitivity, specificity and cut-off values of various kidney injury markers at different time points

Variable

SCys C
12
SCys C
24
SCys C
48
uNGAL
12
uNGAL
24
uNGAL
48
FB
POD-1
MAP <
15%

Area
under
the
curve
(AUC)

Sensitivity
(%)

Specificity
(%)

Cut-off
value

0.703

62

70

0.96

0.843

81

72

0.99

0.741

67

75

0.79

0.911

88

92

70

0.715

66

74

64

0.688

59

70

62

0.842

80

71

25

0.591

53

65

56

95% CI

0.589–
0.817
0.843–
0.926
0.627–
0.854
0.852–
0.971
0.606–
0.824
0.574–
0.802
0.838–
0.926
0.452–
0.741

Positive
predictive
value
(PPV)

Negative
predictive
p value
value
(NPV)

0.830

0.437

0.004

0.939

0.413

< 0.001

0.884

0.443

0.04

0.991

0.431

< 0.001

0.864

0.464

0.002

0.812

0.436

0.011

0.936

0.399

< 0.001

0.686

0.489

0.12

3.4 Outcome of AKI
Table 3.7
Clinical outcome characteristics by AKI status
Variable/category
Mechanical ventilation (hours), median
(IQR)
Mechanical ventilation  48 hrs, n (%)
FB POD-1 > 50ml/kg, median (IQR)
FB POD-1 50 ml/kg, n (%)
ICU LOS, days, median (IQR)
ICU LOS, days 5 n (%)
Hospital LOS, days, median (IQR)
LOS 21 day, n (%)
RRT
Case fatality rate
#
Fisher's exact test, *Mann-Whitney U test

Non-AKI
22.00
(14.00–61.00)
13.00
(26.50%)
13.58
(0.00–37.02)
18/51
(35.29%)
4 (4.0–5.5)
11/51
(21.56%)
13 (10.0–21.5)

AKI
92.00
(36.00–216.00)

p value
0.0001*

28.00 (65.10%)

0.0001#

27.20
(4.72–58.70)

0.025*

25/42 (59.52%)

0.046#

7 (4.0–12.0)

0.0027*

23/42 (54.76%)

0.012#

19 (13.0–38.0)

0.0003*

9/51 (17.64%)

16/42 (38.09%)

0.035#

0/51 (0.00%)

3/42 (7.14%)

0.088#

0/51

2/42

0.21#
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Duration of mechanical ventilation (MV) was 22 hours in non-AKI group versus
92 hours in AKI group, p = 0.0001. Proportion of patients ventilated 48 hours in AKI group
was 65.10% versus 26.50% in non-AKI group, p = 0.0001. Length of treatment in the hospital,
longer than 21 days had 38.09% of patients in AKI group versus 17.64% in non-AKI group,
p = 0.035. Length of treatment in ICU 5 days had 21.56% patients in non-AKI group versus
54.76% in AKI group, p = 0.012. Fluid balance exceeding 50 ml/kg was observed in 59.52%
patients of AKI group versus 35.29% of patients from non-AKI group, p = 0.046. Three patients in

AKI group undergo RRT, none in non-AKI group. There was no death in non-AKI group versus
two in AKI group, p = 0.21. (Table 3.7)
Table 3.8
Duration of mechanical ventilation, lenghts of stay in the ICU, lenghts of stay in the hospital in
AKI and non-AKI patients
Variable, category
Mechanical ventilation hours,
Median (IQR) [Range]
Lenghts of stay in the ICU days,
Median (IQR) [Range]
Lenghts of stay in the hospital days,
Median (IQR) [Range]

AKI
92.00 (36.00–216.00)
[4.00–408.00]
7.0 (4.0–12.0)
[3.00–20.00]
19 (13.0–38.0)
[7.00–116.00]

Non-AKI
22.00 (14.00–61.00)
[6.00–179.00]
4.0 (4.0–5.5)
[3.00–18.00]
13 (10.0–21.5)
[3.00–43.00]

p value
0.0001*
0.0001*
0.0027*

* Mann-Whitney U test

OR were calculated to assess factors, associated with postoperative renal dysfunction.
One of the variables was CPB time. Unajusted OR for CPB time 180 min. was 2.47 (CI 95%
0.99–6.13, p = 0.048, Table 3.9). OR for mechanical ventilation > 2 days was 5.17 (CI 95%
2.12–12.61, p = 0.027). OR for ICU LOS 5 days was 4.4 (CI 95% 1.78–10.85, p = 0.0012,
Table 3.9).
After performing multivariate logistic regression analysis OR were adjusted to age and
summarized in Table 3.10.
After the adjustment for age, OR for ICU LOS > 5 days decreased from 4.40 (CI 95%
1.78–10.85) to 1.21 (CI 95% 1.07–1.40), p = 0.003. OR for LOS ≥ 21 day decreased from 2.87
(CI 95% 1.11–7.44) to 1.046, (CI 95% 1.009–1.085), p = 0.035. OR for CPB time 180 min.
from 2.47 (CI 95% 0.99–6.13), decreased to 2.32 (CI 95% 1.07–1.40), p = 0.003. OR for MV
≥48 hours after the adjustment for age from 5.17 (CI 95% 2.12–12.61), decreased to 1.008
(CI 95% 1.003–1.014), p = 0.004. OR for VIS 7 from 12.26 (CI 95% 4.05–37.11), decreased
to 5.85 (CI 95% 5.85–56.66), p < 0.001. OR for FB POD-1 ≥50 mL/kg from 2.69 (CI 95%
1.16–6.26) dereased to 2.58 (CI 95% 0.94–7.07), p = 0.06. OR for RACHS-1 ≥ 3 from 2.98
(CI 95% 1.28–6.95) decreased to 2.86 (CI 95% 1.15–7.15), p = 0.02.
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Table 3.9
Odds ratio in AKI and non-AKI patients
Variable
AKI versus non-AKI, CPB time 180 min.
AKI versus non-AKI, body weight < 8 kg
AKI versus non-AKI, mechanical ventilation >2 days, OR
(CI 95%)
AKI versus non-AKI, ICU LOS 5 days OR (CI 95%)
AKI versus non-AKI, LOS ≥21 day OR (CI 95%)
AKI versus non-AKI FB POD-1 50 mL/kg
AKI versus non-AKI VIS 7
AKI versus non-AKI RACHS-1 score 3
#

OR (CI 95%)
2.47 (0.99–6.13)
1.82 (0.77–4.31)

p value
0.048#
0.201#

5.17 (2.12–12.61)

0.027#

4.40 (1.78–10.85)
2.87 (1.11–7.44)
2.69 (1.16–6.26)
12.26 (4.05–37.11)
2.98 (1.28–6.95)

0.0012#
0.035#
0.026#
< 0.0001#
0.01#

Fisher's exact test

Table 3.10
Age adjusted Odds ratio
Variable
ICU LOS ≥5 days AKI vs. non-AKI
CPB ≥180 min. AKI vs. non-AKI
RACHS-1 >3 AKI vs. non-AKI
VIS ≥7 AKI vs. non-AKI
MV ≥48 hours AKI vs. non-AKI
LOS ≥21 days AKI vs. non-AKI
FB ≥50 mL/kg AKI vs. non-AKI

Odds ratio
1.21
2.32
2.86
5.85
1.008
1.046
2.58

CI (95%)
1.07–1.40
0.91–5.91
1.15–7.15
5.85–56.66
1.003–1.014
1.009–1.085
0.94–7.07

p value
0.003
0.07
0.02
0.001
0.004
0.01
0.06

Values are reported as adjusted odds ratios (95% conﬁdence intervals) by multivariate logistic regression
analysis. Odds ratio analyses for all patients are per unit increase.

Fig. 3.10 Median values of LOS, ICU LOS (days) and duration of MV (hours) in AKI and nonAKI patients Abbreviations: LOS-Lengths of stay in the hospital, ICU LOS-Lengths of stay in the ICU, MVMechanical ventilation
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Postoperative fluid balance (FB POD-1) was 13.58 mL/kg (Median) in non-AKI group
versus 27.20 mL/kg in AKI group, p = 0.025 (Fig. 3.10) In addition, FB was calculated
separately according the severity stage of AKI. Fluid balance in patients reaching 1st stage of
AKI severity increased from 13.58 mL/kg (Median) to 26.27 mL/kg, 2nd stage to 36.29 mL/kg
and 3rd stage to 90.09 mL/kg, ANOVA test p = 0.002 (Table 3.11). To evaluate postoperative
fluid balance as a marker for AKI, ROC analysis was performed (Fig. 3.8, Table 3.6). AUC
was 0.842 (CI 95% 0.838–0.926), sensitivity of 80%, specificity of 71% and cut-off value of
25 mL/kg.
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p = 0.025
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Fig. 3.11 FB at POD-1 in AKI and non-AKI patients
Box and whisker plot showing FB (ml/kg) in AKI (filled box) and non-AKI (emty
box) patients

Table 3.11
Postoperative fluid balance (mL/kg) at POD-1 and severity of AKI
Variable/Severity
Median
Interquartile range
(Q1-Q3)
Range (Min.-Max.)

Non-AKI

AKI Ist stage

AKI IInd stage

AKI IIIrd stage

13.58

26.27

36.29

90.19

0–37.02

0–39.63

5.60–58.56

70.97–130.61

−66.07–109.78

−63.10–210.00

−44.85–171.01

55.25–229.11
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Fig. 3.12 Postoperative FB and severity of AKI
Box and whisker plot showing FB POD-1 in non-AKI patients (emty box) and patients
having Ist, 2nd and 3rd stage of AKI (filled boxes)

To determine the role of hypotension in the development of postoperative AKI, blood
pressure measurements were collected from the Anesthesia Clinical Information system (Intelly
View, Philips) and analyzed after transition to MS Excell workbook. In total there were about
4.000 validated MAP reacordings processed. There was no difference in number of MAP
measurements between two groups: 45.32 in AKI group and 39.59 in non-AKI group, p = 0.08.
There was no difference in the proportion of hypotensive episodes in both groups: 11.03
versus 19.66 in AKI group, p = 0.075.
ROC analysis of MAP < 15% shoved low sensitivity and specificity of intraoperative
hypotension. AUC was 0.591 with sensitivity of 53% and specificity of 65%, CI 95% 0.452–
0.741 (Fig. 3.9, Table 3.6).
Table 3.12
Intraoperative hypotension in AKI and non-AKI patients
Variable/Category
No of MAP measurements
(per patient) Median (IQR),
[Range]
Hypotensive episodes
(% from all MAP) Median
(IQR)

All
42.41
(33.00–50.00)
[22.00–80.00]
12.29
(9.11–19.92)
[0–33.33]

AKI
45.32
(35.00–56.00)
[24.00–80.00]
19.66
(12.91–25.80)
[5.56–33.33]

non-AKI
39.59
(32.25–43.75)
[22.00–74.00]
11.03
(8.28–14.05)
[0–26.98]

p value*
0.080

0.075

* Mann-Whitney test
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35
p = 0.075
Mann–Whitney test

Hipotensive episodes (%)
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Fig. 3.13 Intraoperative hypotension in AKI and non-AKI patients
Box and whisker plot showing ratio of hypotensive (MAP < 15% less than averagee
MAP value) MAP recordings to all MAP recordings (in %) in AKI (filled box) and
non-AKI patients (emty box).

There was no statistically signicicant difference in the number of MAP measurements
between two groups, 45.32 in AKI group, 35.59 in non-AKI group, p = 0.08. Ratio of
hypotensive episodes with MAP less than 15% from average MAP was 19.66 in AKI group
versus 11.03 in non-AKI group, p = 0.075 (Table 3.12, Fig. 3.13).
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4. DISCUSSION
Despite many years of research, AKI remains an important and life-threatening
complication in patients undergoing cardiac surgery, and with respect to high prevalence of this
interference in this specific population has even got a sub-designation: CSA-AKI [339].
Postoperative AKI occurred in 42 (45.16%) from 93 children. 37 (88.02%) reached
severity stage I according the KDIGO classification, 3 (7.14%) reached stage II and two
(4.76%) reached stage III. (Fig. 3.2, 3.3). Prior to 2005 there were no studies of cardiac surgery
associated AKI using the currently accepted definition. These studies used definitions ranging
from doubling of serum creatinine to requirement of dialysis. Pederson et al. [329] performed
one of the larger single center prospective studies enrolling children from 1993 to 2002 and
used dialysis as their AKI definition. They found that 11.5% of their patients developed AKI.
However, the use of dialysis as the definition of AKI is concerning since most clinicians agree
that AKI develops before the need for dialysis. In a large study of by Zappitelli et al. 35.9% of
all children having cardiac surgery developed AKI [22].
Analysis of preoperative risk factors demonstrated that children who were in the
youngest age group were at higher risk for developing AKI compared to the older age groups
(Table 3.4) The reason for this is not completely clear. Though full-term infants are usually
born with their full complement of nephrons, maximal GFR is not achieved until about 2 years
of age [330]. Thus, children less than 2 years old may be more susceptible to the ischemic and
inflammatory insults that may be occurring in patients undergoing heart surgery. Examples of
these surgeries include simple ASD closures and repair of partially anomalous pulmonary veins.
This is not surprising since these surgeries are less complex and relatively rapid with low CPB
times [331].
The finding that higher RACHS-1 scores were associated with higher prevalence of
postoperative AKI. [7, 24]. RACHS-1 score ≥3 had 18/51 patients (35.29%) in non-AKI group
versus 26/42 patients (61.90%) in AKI group, p = 0.0129 (Table 3.4). In the multivariate
regression analysis OR for RACHS-1 >3 AKI vs. non-AKI was 2.86 CI 95% 1.15–7.15,
p = 0.02 (Table 3.10).
Garcia et al. evaluated the Vasoactive Inotropic Score (VIS) as a prognostic marker in
adolescents following surgery for congenital heart disease. They found that maximal VIS at 24
and 48 h following surgery was significantly higher in subjects who suffered an adverse
outcome [332]. Subjects with adverse outcome had longer bypass and cross-clamp times,
durations of stay in the hospital, and a higher rate of acute kidney injury. In current study VIS
86

score in non-AKI group was 5 (IQR 5–6) versus 7 (IQR 6–10) in AKI group, p = 0.0098
(Table 3.4). In multivariate regression analysis OR for VIS 7 was 5.85 (CI 95% 5.85–56.66),
p < 0.001, Table 3.10.
Not surprisingly, the duration of CPB has been the single most consistently identified
risk factor for pediatric CS-AKI. Age-adjusted OR for CPB time 180 min. AKI versus
non-AKI patients was 2.32 (CI 95% 1.07–1.40), p = 0.003 (Table 3.10) This finding of
increased risk of AKI is consistent with numerous past studies. The mechanism for this is
probably due to a combination of ischemia, loss of pulsatile flow and progressive inflammation
which adds to kidney injury [333]. Further research into issues such as temperature, pressure
and the amount and type of bypass circuit flows will be needed to explore this relationship.
Strategies to limit bypass time may help decrease the rate of cardiac surgery-associated AKI. It
is possible that in children who have surgery requiring bypass the duration may also be a marker
for case complexity and severity of the congenital anomaly. Adults undergoing cardiac surgery
typically have several pre-operative cardiovascular risk factors such as diabetes, peripheral
vascular disease, and chronic kidney disease. These same risk factors often emerge as preoperative cardiovascular risk factors for developing AKI in adults [334]. In children with
congenital heart disease these factors are not usually present. In fact, most children do not have
any other co-morbidities. Risk factors for AKI in children are usually limited to the age of the
child and the severity of insult (e.g. CPB time).
The use of Cystatin C as a diagnostic tool for AKI has recently been explored. Two
meta-analyses have revealed that serum cystatin C outperforms SCr as a predictor of AKI and
a marker of AKI severity [44, 45]. A multicenter prospective study of children undergoing
cardiac surgery showed that early measurements of cystatin C (within 6 h of initiating CPB)
strongly and independently predicted the development of SCr-based AKI with an adjusted odds
ratio of 17.2 and adjusted area under the receiver operating characteristic curve (AUC) of 0.89
[46]. In a few baseline pediatric studies, serum cystatin C levels were diagnostically superior to
serum creatinine and were independent of gender, body composition, or muscle mass [98].
Serum Cystatin C concentrations were similar in the AKI and non-AKI patients before
surgery but began to increase in the AKI patients at 12 hours after CPB and became significantly
higher at 24 hours after CPB. (Fig. 3.4, Table 3.5) SCys C levels rise from the baseline to
1.06 mg (IQR 0.83–1.37) after 12 hours and reached their maximum at 24 hours after surgery:
1.31 mg/L (IQR 1.06–1.48) in AKI group versus 0.77 mg/L (IQR 0.63–1.06) in non-AKI group,
p = 0.0002 (Fig. 3.4, Table 3.5). In the ROC analysis, predictor performance for SCys C peaked
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24 hours after the first probe was taken and reached AUC of 0.843, (CI 95% 0.843–0.926), with
sensitivity of 81%, specificity of 72% and cut-off of 0.99 mg/L, p < 0.001 (Table 3.6, Fig. 3.7)
The most extensively studied biomarker in pediatric CS-AKI is NGAL. It was measured
in more than 7000 patients after cardiac surgery can predict the subsequent development of AKI
(AUC 0.82–0.83). Most recently, the multicenter TRIBE (Translational Research Involving
Biomarkers and Endpoints) study [335] prospectively assessed the value of NGAL in 1219
adults and 311 children undergoing cardiac surgery. In both populations, NGAL concentrations
measured in urine or plasma peaked within 6 h after surgery and significantly improved risk
prediction over the clinical models alone [335]. In pediatrics, uNGAL levels demonstrated
sharp increases to > 5000 ng/mg within 2−4 hours in patients who would eventually require
RRT [19]. Urinary NGAL (uNGAL) levels of ≥ 50 μg/L were 100% sensitive and 98%
predictive in the 20 from 71 children post CPB who developed AKI [17]. Serum NGAL levels
within 2 hours of CPB of ≥ 150 mg/L were 84% sensitive and 94% predictive in children who
developed AKI within 3 days [116]. However, Parikh et al. [33] demonstrated lower values for
the prediction of AKI in children, defined as doubling in creatinine or the need for acute RRT
(AUC approximately 0.7) and lower cut-off values. The reasons for this discrepancy may
include the different patient populations (exclusion of neonatal patients), differences in assay
platforms and prolonged sample storage times compared to earlier single-centre studies. Indeed,
recent study has shown that the performance of NGAL in older adults is inferior to that in
children, likely related to the comorbidities (such as chronic kidney disease, chronic heart
failure, atherosclerosis, diabetes, medications) that can hinder NGAL's predictive ability
[63–65]. Second, there are no uniformly accepted cut-offs, although the literature would suggest
that an NGAL cut-off value of < 100 ng/ml (measured on a standardized clinical platform)
would rule out AKI in those with normal baseline function, and a cut-off >150 ng/ml can be
diagnostic for AKI, Cut-offs may be dependent on age, gender, underlying clinical setting, and
the specific assay employed.
Concentration of uNGAL has the maximum expression at 12 hours after surgery. It rises
from 7.05 ng/mL (2.7–12.13) to 132.85 ng/mL (60.78–257.23), reaching a peak level of 1680
ng/mL in AKI group. In the probe taken at 24 hours expression of uNGAL gradually decreases
to 36.60 ng/mL in AKI group and 13.40 ng/mL in non-AKI group. At 48 hours uNGAL level
returns to baseline: 7.40 ng/mL (4.00–23.20) in AKI group and 4.80 ng/mL (2.20–15.00) in
non-AKI group (Fig. 3.5, Table 3.5). In the ROC analysis, predictor performance for uNGAL
at 12 hours was AUC 0.911, CI 95% 0.852–0.971, cut-off value 70 ng/mL (Table 3.6, Fig. 3.5).
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Studies of adult critically ill patients have shown that positive FB above 10% is
associated with a higher long-term mortality and a higher occurrence of AKI, thus indicating
this threshold as a potential indicator of adverse outcomes [197, 336]. Studies of pediatric
patients requiring RRT showed a correlation of the degree of positive FB with poor outcomes
and mortality, hinting at a dynamic positive FB value for predicting adverse outcomes, with the
10% cutoff value proving to be clinically significant [209]. Recent study by Hazle et al. [27]
demonstrates that increasing positive FB, as measured by daily fluid balance, is associated with
worse outcomes following congenital heart surgery in infants. In the recent study of Lex et al.
authors analyze postoperative FB in 1520 pediatric patients after open heart surgery [208]. They
find positive FB between 5% and 10% in 120 patients (7.8%), in 33 patients (2.1%) FB was
above 10%. After multivariable analysis, higher fluid overload on the day of the surgery was
independently associated with mortality (adjusted odds ratio, 1.14; 95% CI, 1.008–1.303;
p = 0.041) and low cardiac output syndrome (adjusted odds ratio, 1.21; 95% CI, 1.12–1.30;
p = 0.001). Higher maximum SCys C levels (adjusted odds ratio, 1.01; 95% CI, 1.003–1.021;
p =.009), maximum vasoactive-inotropic scores (adjusted odds ratio, 1.01; 95% CI, 1.005–
1.029; p = 0.042), and higher blood loss on the day of the surgery (adjusted odds ratio, 1.01;
95% CI, 1.004–1.025; p = 0.015) were associated with a higher risk of fluid overload that was
greater than 5%.
The etiology of positive FB in this patient population is multifactorial. Cardiopulmonary
bypass results in both hemodilution and increased capillary permeability, both of which
promote extravasation of fluid into the extracellular fluid compartment [185]. Fluid
resuscitation and blood product administration in the immediate postoperative period further
contributes to third spacing. As body wall edema increases, intra-abdominal pressure rises and
renal perfusion pressure is decreased [337]. When combined with postoperative myocardial
dysfunction, there is also a stimulus to retain fluid via the renin-angiotensin-aldosterone system
[338]. Given the acute nature of CPB mediated kidney injury and the observation that most
infants have normal renal function prior to surgery, these patients may be ideal candidates for
aggressive postoperative goal-directed protocols aimed at minimization of positive FB.
Peritoneal dialysis has been shown to be a safe and effective method of fluid removal in
postcardiotomy infants [20], and early initiation of this therapy can improve hemodynamics
and ICU outcomes [339].
By examining fluid balance early after cardiac surgery, current study adds to the
growing body of evidence that positive fluid balance is independently associated with kidney
dysfunction. FB POD-1 50 mL/kg, in non-AKI group was 35.29% versus 59.52% in AKI
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group, p = 0.046 (Table 3.8). Median postoperative fluid balance in non-AKI group was 13.58
mL/kg versus 27.20 mL/kg in AKI group, p = 0.025 (Fig. 3.11), OR of FB 50 mL/kg in AKI
vs. non-AKI was 2.58 (CI 95% 0.94–7.07), p = 0.06. After performing ROC analysis, AUC of
FB POD-1 was 0.842 with sensitivity of 80%, specificity of 71% (CI 95% 0.838–0.926) and
cut-off value of 25 ml/kg, p = 0.001. Similar results are published in the study of Hassinger
et al. [192]. They found postoperative positive fluid balance > 50 ml/kg in 31% of patients
which is less than in this study (59.52%). Reported AUC was 0.963; 95% CI, 0.916–1.000;
p = 0.002.
The kidneys account for less than 5% of total body weight and yet receive about 25%
of our cardiac output, to maintain glomerular filtration and waste excretion, they only consume
5% of the body’s oxygen. It is of no surprise, therefore, that targeting adequate renal perfusion
is considered as a potential factor for modifying the risk of AKI. It is commonly purported that
poor perioperative hemodynamic control during cardiac surgery leads to postoperative CS-AKI.
In critically ill patients, one study in 217 patients found a MAP of up to 82 mmHg may be
required to prevent AKI [244]. Similarly, a study in 31 critically ill patients demonstrated
periods with a systolic blood pressure less than 90 mmHg for at least 30 min were associated
with higher levels of cardiac enzymes. One study performed in patients undergoing noncardiac
surgery found that in those who were at high risk for AKI, periods of a MAP less than 60 mmHg
were more common in those who developed AKI than those who did not [245]. Furthermore,
using classification and regression tree analysis, Bijker et al. [246] found a MAP less than
50 mmHg had the largest independent association with death in their study in 1705 patients
undergoing noncardiac surgery. Study of Lehman et al. [340] evaluated hypotension severity
and duration as risk factors for AKI development using a large ICU database. Results from
multivariate logistic regression indicate that the severity and duration of hypotension are both
significant risk factors in AKI development in ICU patients. Odds of AKI increased by 3%
per 1 mmHg decrease in MAP below 80 mmHg. Further, as the degree of hypotension
worsened, the increased risk for AKI from each additional hour of continuous hypotension more
than doubled for each 10 mm Hg drop in MAP below 80 mmHg. Aronson et al. reported that
the magnitude and duration of systolic blood pressure excursions outside of predefined limits
(65 to 135 mmHg intraoperatively, 75 to 145 mmHg pre- and postoperatively) predicted cardiac
surgery-associated AKI [252]. These results indicate that raising MAP targets during CPB
might reduce the frequency of postoperative AKI. Kanji et al. [341] in their study on 157 highrisk cardiac patients establish a relationship between intraoperative hypotension and
postoperative CS-AKI. Delta MAP was defined as baseline MAP (acquired from three
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independent pre-operative blood pressure readings) minus the average MAP on CPB
(calculated as the average of MAP readings at 15 minutes intervals during CPB). They found
that a large delta MAP and lower CPB flow during cardiac surgery are independently associated
with early post-operative CSA-AKI in high-risk patients. In children, however, it is difficult to
obtain correct baseline MAP measurements before tracheal intubation and surgical intervention.
In pediatric anesthesia induction and tracheal intubation usually precedes vascular cannulation
and invasive pressure monitoring, therefore average MAP during anesthesia was used as a
reference and hypotension was defined as a MAP < 15% less than average MAP value. Blood
pressure measurements during CPB were also excluded since nonpulsatile CPB perfusion
pressure variation is dissimilar to blood pressure variation unrelated to CPB. In total, more than
4.000 validated MAP recordings collected in 5-minute intervals were transferred from the
Intelly View Clinical Information Portfolio (Philips) anesthesia flowsheets to MS Excell
workbook for analysis. Then all MAP recordings were compared to average (except MAP
recordings during CPB, when pulsatile blood flow was absent). Ratio of hypotensive MAP
recordings (MAP < 15% less than averagee MAP value) to total MAP recordings was calculated
and expressed as %. There were 12.29% (IQR 9.11–19.92) hypotensive MAP recordings in all
patients, 19.66% (IQR 12.91–25.80) in AKI group versus 11.03% (8.28–14.05) in non-AKI
group. (Table 3.12, Fig. 3.13). ROC analysis showed an AUC of 0.591 with sensitivity of 53%
and specificity of 65%, CI 95% 0.452–0.741 (p = 0.12), (Table 3.6, Fig. 3.9).
Duration of mechanical ventilation in patients with or without AKI is displayed in
Table 3.7. Twenty-eight patients (65.10%) of those with some degree of AKI were
mechanically ventilated ≥ 48 hours compared with 13 patients (26.50%) of those with no
evidence of AKI (p = 0.0001).
Median duration of mechanical ventilation (MV) was 22 hours in non-AKI group versus
50.50 hours in AKI group, p = 0.0001, (Table 3.8). Multivariate logistic regression analysis
demonstrated that patients with AKI were more likely to have longer ICU and hospital lengths
of stay: OR for ICU LOS ≥5 days was 1.21 (CI 95% 1.07–1.40), p = 0.003. OR for LOS ≥ 21
was 1.046, (CI 95% 1.009–1.085), p = 0.035. (Table 3.10). Previous studies [9, 19, 20] have
showed younger age to be associated with longer ICU and hospital lengths of stay but have not
explored the impact of AKI specifically or defined AKI simply as the need for renal
replacement therapy [28]. The longer lengths of stay may be related to fluid retention and
concomitant effects on respiratory mechanics causing longer durations of mechanical
ventilation, the heterogeneous nature of CHD, institutional and practice guidelines (e.g., no
protocol for early extubations), use of diuretics, and limited practice variation. The impact of
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longer lengths of stay, including increased risks of nosocomial infections medical errors, and
greater utilization of resources, with associated escalation of health care costs, are well known
[342]. No degree of AKI was associated with in-hospital mortality, irrespective of the age group
examined. This is likely related to the relatively low rate of occurrence of in-hospital mortality.
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CONCLUSIONS
1. The rate of AKI in the current approach of pediatric cardiac surgery in Latvia is high and is
associated with important patient outcomes. From 93 patients included in the study,
42 (45.2%) met at least KDIGO Stage I (UO or SCr) criteria for AKI.
2. This study shows that both uNGAL and Cys C levels after pediatric open-heart surgery
increase following ICU admission and peak, respectively, 12 to 24 thereafter: uNGAL
reliably discriminated between infants who met AKI criteria within 48 hours following
admission and those who did not. uNGAL was able to predict AKI development correctly in
91% children, before any rise in SCr became apparent. These findings support the emerging
role of uNGAL in identifying AKI at an early stage, which, in the future, may help us to
establish timely renoprotective interventions to reduce AKI in those most vulnerable patients
in hospital.
SCys C, a GFR marker of renal dysfunction predicted AKI in 84% of children undergoing
open heart surgery in 24 hours after the event preceding concomitant changes in SCr.
3. Fluid balance too, is a suitable marker for the prediction of postoperative AKI. FB POD-1
50 mL/kg, in non-AKI group had 35.29% patients versus 59.52% in AKI group, p = 0.046.

Median postoperative fluid balance in non-AKI group was 13.58 mL/kg versus 27.20 mL/kg
in AKI group, p = 0.025, OR of FB 50 mL/kg in AKI versus non-AKI was 2.58 (CI 95%
0.94–7.07), p = 0.06. After performing ROC analysis, AUC of FB POD-1 was 0.842 with
sensitivity of 80%, specificity of 71% (CI 95% 0.838–0.926) and cut-off value of 25 ml/kg,
p = 0.001. Role of fluid balance in the postoperative management is underestimated and
daily FB monitoring now becomes essential.
4. The hypothesis of the association of intraoperative hypotension and postoperative AKI was
not confirmed using methodology, applied in this study.
5. CS-AKI had severe clinical outcomes: MV in AKI group was 50.50 hours (IQR 36.50–
201.00) versus 22.00 hours (IQR 14.50–50.00) in non-AKI group, p = 0.0001. Lengths of
ICU stay increased from 4.00 days (IQR 4.00–5.00) in non-AKI group to 7.00 days (IQR
4.50–11.50) in AKI group, p = 0.0001. LOS increased from 12.00 days (IQR 10.00–20.00)
in non-AKI group to 17.00 days (IQR 10.00–20.00), p = 0.023. In multivariate regression
analysis OR for ICU LOS >5 days was 1.21 (CI 95% 1.07–1.40), p = 0.003. OR for LOS
≥21 was 1.046, (CI 95% 1.009–1.085), p = 0.035. OR for MV ≥48 hours after the adjustment
for age was 1.008 (CI 95% 1.003–1.014), p = 0.004.
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Practical recommendations
Identifying patients with postoperative CS–AKI risk:
•
•
•
•

Patients younger than 10 months of age,
Patients having body weight less than 8 kg,
Patients having RACHS–1 category > 3,
Patients with CPB time >180 min.

Monitoring of the plasma creatinine concentration, urinary output per hour and
determinations of NGAL (for early identification of patients at risk of AKI)
Measure only if AKI is clinically suspected
•

Low levels (NGAL < 50 ng/ml)
Low risk of AKI, repeat measures if clinical suspicion persists

•

Grey zone (NGAL 50–150 ng/ml)
Indeterminate, repeat measures if clinical suspicion persists

•

Moderately high levels (NGAL 150–300 ng/ml)
High sensitivity for AKI, monitor fluids and kidney function, avoid nephrotoxins,
consider early interventions if clinical risk factors present

•

Very high levels (NGAL >300 ng/ml)
High specificity for AKI, implement early interventions.

Shortening of extracorporeal circulation, particularly keeping the aorta clamping time
to a necessary minimum in patients with high risk of AKI.
Avoidance of intraoperative hypotension and arterial blood fluctuations.
Avoid non-steroidal anti-inflammatory drugs (NSAIDs), angiotensin-converting
enzyme inhibitors, angiotensin receptor blockers, gentamicin and vancomycin.
Strict monitoring of balance of fluids; prevention of overhydration by monitoring the
hydration (and using diuretics).
Keeping postoperative fluid balance even or negative, do not exceede fluid balance
> 25 ml/kg/day. Use of diuretics in cases of overhydration.
Simultaneous use of intravenous fluids and catecholamines in patients with low arterial
pressure.
Noradrenaline is recommended based on peripheral vascular resistance; dopamine in “a
diuretic dose” is not recommended.
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